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This thesis presents the first systematic study of the multimode external kink mode structure and dynamics
in the High-Beta Tokamak Extended-Pulse experiment (HBT-EP) when the plasma rotation is externally con-
trolled using a source of toroidal momentum input. The capabilities of the HBT-EP tokamak to study rotation
physics was greatly extended during a 2009-2010 major upgrade, when a new adjustable conducting wall, a
high-power modular control coil array system, and an extensive set of 216 poloidal and radial magnetic sensors
were installed on the machine. HBT-EP was additionally equipped with a biased edge electrode which made
it possible to adjust the plasma ion and plasma magnetohydrodynamics (MHD) mode rotation frequencies by
imparting an electromagnetic torque on the plasma. The design of this biased edge electrode, and its capa-
bility to torque the plasma is described. The rotation frequency of the helical kink modes was directly inferred
from analysis of the magnetics dataset. To directly measure the plasma ion acceleration as the plasma was
torqued by the biased electrode, a novel high-throughput and fast-response spectroscopic rotation diagnos-
tic was installed on HBT-EP. This spectroscopic rotation diagnostic was designed to measure the velocity of
He ions, therefore when conducting experiments using the spectroscopic rotation diagnostic a gas mixture of
90%D and 10%He was used. With its current power supplies the bias probe is capable of accelerating the pri-
mary m/n=3/1 helical kink mode (which has a natural rotation frequency between +7→+9kHz) to somewhere
between -50kHz→+25kHz depending on the probe bias. At a probe voltage of +175V the He impurity ions
were seen to accelerate by 3km/sec.
Biorthogonal decomposition (BD) analysis was applied to the large magnetics dataset and used to de-
termine the multimode m/n spectrum of the helical kink modes present in HBT-EP. The dominant helicities
present as revealed by the BD are the m/n=3/1 and m/n=6/2 modes, which represent about 85% and 8% of
the total MHD activity respectively. This percentages remain consistent across the entire range of 3/1 mode
rotation frequencies obtainable from the bias probe, (-50kHz→25kHz). The Hilbert transform technique was
also applied to magnetic sensor data to determine the instantaneous amplitude and frequency of the total MHD
activity. The total MHD amplitude was seen to decrease with increasing plasma rotation, a 35% reduction as
the 3/1 mode was accelerated from +6→+24kHz.
Active MHD spectroscopy experiments using a “phase-flip” resonant magnetic perturbation (RMP) are able
to excite a clear three-dimensional plasma response. Plasma rotation is theoretically expected to increase
plasma stability to external resonant error fields, and in HBT-EP the plasma amplitude response to a m/n=3/1
RMP increases by a factor of 2.7 when the plasma rotation is decreased from +25kHz to ± 2kHz. As the RMP
amplitude increases, slower plasmas are seen to disrupt at a lower perturbation amplitude than unperturbed
or rapidly rotating modes. The 6/2 helical kink mode also shows an amplitude and phase response to the 3/1
RMP, and like the 3/1 mode the amplitude response is largest when the plasma is slowly rotating. The ratio
between the plasma 6/2 amplification and the 3/1 amplification to a 3/1 RMP is nearly constant, regardless of
the plasma rotation or the RMP amplitude.
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Energy consumption is still, 250 years after the beginning of the industrial revolution, primarily be-
ing met worldwide through the burning of nonrenewable fossil fuels: oil, coal, and natural gas. The
increasing rate of environmental damage due to a fossil-fuel powered civilization, combined with the
ever increasing demand for energy, requires that a sustainable energy source capable of breaking
humanity’s dependence on fossil fuels be developed.
Controlled nuclear fusion offers the promise of an energy-producing reactor with a large, pollution-
free power output. Existing forms of renewable energy generation, such as solar or wind power,
are dependent on weather conditions and may not be enough to meet the energy needs of densely
populated regions. A nuclear fusion reactor offers weather-independent power generation with the
additional advantage of utilizing cheap and plentiful hydrogen as a fuel source, and unlike its fission
counterpart a fusion reactor has reduced risk of proliferation of nuclear weapons [34].
1.1 Nuclear Fusion
Nuclear fusion is the process of combining light elements into heavier ones, releasing huge amounts
of energy in the process due to mass-energy conversion. The D-T reaction is preferred in nuclear
fusion research because the D-T fusion cross-section is higher than alternative reactions such as
D-D, D-He3. The D-T reaction is defined as:
D + T → He4(3.5MeV ) + n(14.1MeV ) (1.1.1)
The 3.5MeV α-particle produced by the D-T reaction can deposit its energy in the plasma, and
contributes to the heating required for further fusion reactions to take place. 80% of the energy
from D-T fusion reaction is extracted from the plasma as the 14.1 MeV fast neutron is absorbed
by a “blanket” surrounding the plasma, the blanket is composed of a neutron-absorbing material
such Li2O. The heat energy produced by neutron absorption can then be carried away by a suitable
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coolant to drive a heat turbine. The fast neutrons also cause the Li in the blanket to fission, providing
another source of radioactive tritium from the reaction
Li6 + n→ He4 + T + 5MeV (1.1.2)
The tritium produced in the blanket must be injected into the hot plasma in order to sustain the
fusion fuel cycle. One problem with the D-T reaction is that the high-energy neutrons produced
from the fusion reaction irradiate the machine from within: both damaging and activating the mate-
rials used in its construction. Fortunately the half-life of these irradiated materials are limited [18]
and much shorter than the radioactive byproducts from fission. Fusion machines based on aneu-
tronic reactions (such as D-He3) produce less nuclear waste than D-T fusion machines but require
improved confinement [61].
The ignition condition of a D-T plasma (when the plasma temperature can be maintained against
energy losses solely by α-particle heating) is given at T=30keV as [73]:




A very convenient form for the ignition condition, which clearly brings out the ignition require-
ments on density, temperature, and confinement time, is: [73]:




The exact value of the r.h.s of equation 1.1.4 will depend on the plasma η,T profile: the r.h.s
of equation 1.1.4 is given for parabolic η,T profiles. ITER expects to operate near T≈11keV, η
≈ 1020m−3, and τE ≈ 3.2s; or a ηTτE = 3.52 ∗ 1021 keV ∗sm3 [51] and a fusion energy gain of Q≈10.
By far the largest factor in the cost of confining plasmas magnetically comes from the cost of
the magnets; 28% of the total capital cost of ITER is to build the magnet systems [42]. A metric of
the efficiency of confining a plasma by a magnetic field is called β and is given by the ratio of the





































〈β〉 is the volume averaged β, βN the β normalized to the empirical Troyon beta limit, βt the toroidal
β and βp the poloidal β.
Besides cost, beta is also important in fusion physics. For a D-T fusion reaction, the thermonu-
clear power per unit volume is given by
Pth = ndnt〈ov〉ξ (1.1.10)
Where nd, nt are the deuterium/tritium densities, 〈ov〉 the D-T reaction rate, and ξ the energy
released per fusion reaction. At maximum power, nd = nt =
n





For D-T fusion in the 5-20keV range the reaction rate is approximately quadratic with tempera-















Maximizing beta is critical in the design of an economically viable fusion reactor as the fusion
power density (Pf ) scales as β
2. For ITER, 〈β〉 ≈ Pth ≈ 0.5MW/m3 [37]. The world beta record in
a tokamak is currently β = 0.4, and is held by the START spherical tokamak [69].
1.2 Magnetic Confinement
Confining a fusion-temperature plasma within a reactor without damaging the reactor and while
keeping the plasma hot is the key problem to creating a fusion power source. The fusioning plasma
must be prevented from coming into physical contact with the reactor itself: the extreme tempera-
tures of a fusion plasma will ablate any material it comes in contact with. Fortunately, it is possible
to confine a plasma magnetically by exploiting the Lorentz force ~F = q~vx ~B.
To confine a charged particle magnetically we must prevent the particle from being lost as it
moves both along (parallel) and across (perpendicular ) the magnetic field lines. Perpendicular
confinement comes directly from the Lorentz equation. Magnetic fields force charged particles to
move in helixes around the magnetic field lines; the radius of the orbit of a charged particle around
the field line is called the Larmor radius and is given by rL =
mv⊥
qB , where v⊥ is the particles velocity
perpendicular to the magnetic field. For a strong enough magnetic field the charged particles will
be confined perpendicular to the field lines.
Parallel confinement of high-energy charged particles is highly difficult, so in practice magnetic
confinement is achieved by winding the magnetic field line on the surface of a torus. This way the
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energetic charged particle is free to move parallel to the field line without eventually interacting with
a material object. On way to wind the field lines is to bend them into toroidal circles on the torus
surface’s, but this does not result in confinement because electrons and ions separate due to the
resulting curvature and ∇B particle drifts. To cancel out the curvature and ∇B drifts it is necessary
for the field lines to be poloidally circular or be helical on the surface of the torus. In a tokamak, the
poloidal magnetic field is created by a toroidal plasma current. This helical property of the confining
magnetic field is known as the rotational transform ι = dΨp/dΨt. The safety factor, q, is equal to the
inverse of the rotational transform, q = 1/ι. The safety factor typically ranges from near unity in the
center of the plasma to between 2.5 and 3.5 at the edge in HBT-EP. When the rotational transform
is a rational number ι = n/m, the field lines close on themselves after n poloidal and m toroidal
transits of the torus. [9]
1.3 Tokamaks and their stability limits
1.3.1 Tokamaks
Figure 1.1: Cutaway view of a tokamak showing the external magnetic field coils. The OH coils
generate a toroidal plasma current Ip, the VF adjusts the plasma radial position, and the TF imposes
aBϕ on the plasma. Helical magnetic fields form nested surfaces in the plasma; the TF coils provide
Bϕ and Bθ is generated from Ip. [36]
The tokamak is the most well-developed and studied magnetic confinement concept due to its
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relative simplicity and successes in achieving magnetic confinement. In a fusion reactor the helical
~B fields required for plasma confinement can be generated entirely through external field coils (the
stellarator concept) or through a combination of external field coils and plasma current generated
~B fields (the tokamak concept). The stellarator is capable of generating a rotational transform in a
vacuum. However, the 3D nature of the stellarator makes both the relevant physics complex and
reactor construction more difficult than a tokamak.
In tokamaks, the pitch of the helical magnetic field lines is by convention known as the safety
factor q = 1/ι. The safety factor q plays an important role in determining plasma stability: higher
values of q generally lead to greater stability in tokamaks. Higher q, however, comes at the expense
of lower plasma current. At fixed βN (required for kink stability), higher current is needed for higher
confinement [62].










1− (1− r2/a2)ν+1 [73] (1.3.2)
where qa = q(r = a) is the edge q, q(0) is the q at the center of the plasma, and ν =
q(a)
q(0) − 1.
Rational values of q=m/n are associated with instabilities which destroy plasma confinement. In
HBT-EP the primary instability of interest, the 3/1 wall stabilized kink, is excited by developing a
plasma with an edge q just below q=3. In ITER, the safety factor at the minor radius containing
95% of the magnetic flux is q95=3 at an Ip of 15MA [65]. ITER is a shaped diverted tokamak and
the 3/1 resistive wall mode is predicted to limit performance at high β.
Other operational limits exist in tokamaks which reduce plasma performance. The causes of op-
erational limits are due to instabilities [44]. Operational limits are further categorized into “hard” and
“soft” limits depending on their severity. “Hard” operational limits ultimately lead to a plasma current
disruption when breached, while “soft” limits result in a temperature reduction and a reduction of
the energy content of the plasma.
1.3.2 Operational limits
Density limit: Higher plasma densities are attractive as reactor output power scales as n2. How-
ever, density is a hard limit in tokamaks: exceeding a certain critical density normally results in a
major disruption. The Greenwald Density Limit gives a very simple empirical scaling law for the






The Greenwald density limit gives a remarkably good estimate for the maximum density in
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a tokamak. The physics mechanism behind this phenomenological limit is not fully understood;
however recently a potential explanation was given based on the formation of radiative magnetic
islands [32].
qa -Limit The qa limit is a hard limit which restricts the maximum plasma current for a given toroidal
magnetic field; recall that q is inversely proportional to the plasma current (equation 1.3.1). In a
tokamak the edge safety factor qa is generally restricted to values of qa > 2. If qa drops below 2 in a
tokamak, the (m,n)=(2,1) external kink is excited (due to currents flowing at the plasma surface) and
without external stabilization will disrupt the plasma due to its rapid growth rate. Reliable tokamak
operation with qa<2 has however been shown to be possible using (m,n)=(2,1) magnetic feedback
to suppress the (2,1) external kink. [54].
Tearing modes: Tearing modes are resistive instabilities driven by current gradients in the plasma.
The name comes from the tearing and reconnection of magnetic field lines which occur during the
instability as a consequence of finite resistivity. The growth of tearing modes depends on the tearing













where w is the island width and rs the radius of the rational surface of the mode. An approximation






where η is the resistivity of the plasma. If ∆′ > 0 the mode is destabilized and will grow until it
reaches its saturated island size [44].
Ideal β limits: For a high-performance tokamak beta (〈β〉 = 2µ0〈p〉B2 ) must be maximized to achieve
the highest possible plasma pressure for a given magnetic field. The observed maximum plasma
pressure 〈p〉 which can be confined by a given magnetic field and plasma current was first noted by
Troyon and is known as the Troyon Beta Limit. For circular plasma cross-sections, the Troyon beta
limit is given by [73] [72].
βN = g (1.3.6)
β(%) = βN ∗ Ip/aBϕ (1.3.7)
Here βN is the normalized beta and β(%) is the volume averaged beta expressed as a percent-
age. Ip is the plasma current given in mega-amps, a is the minor radius given in meters, and Bϕ is
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the toroidal magnetic field given in tesla. The Troyon factor g is ≈ 2.5− 3.5 [72].
The Troyon beta limit can be exceeded by using shaping instead of the traditional circular cross-
sectional plasma and by profile modifications. The spherical tokamak design START achieved
βn = 6, well in excess of the Troyon limit 2.5<βn<3.5 [69]. This is one of the reasons why the
traditional circular cross-section plasma has been superseded by shaped plasmas.
Locked Modes: A locked mode is an MHD perturbation which does not rotate with the plasma
fluid. A growing MHD mode in the plasma can slow down in rotation speed because of friction due
to eddy currents in the wall and intrinsic error fields which are created by non-ideal alignment of the
external coils of the tokamak. Finally the mode locks, i.e. the rotation with respect to the tokamak
frame stops. The mode can then grow on a time scale determined by the resistivity of the tokamak
wall. Mode locking is often a precursor to disruptions. [44]
Resistive Wall Mode The ideal beta limit is determined by the external kink mode becoming un-
stable. The external kink can be stabilized when the plasma is surrounded by a perfectly conducting
wall within a critical distance of the plasma surface. However, in reality is not possible to surround a
tokamak plasma with a superconducting surface, so a conducting wall with finite resistivity is used
instead. This reduces the growth rate of the external kink to the inverse of the resistive time con-
stant of the wall 1/τw, making the instability much smaller. This is called the resistive wall mode.
Control of the slowly growing RWM is one of the primary physics objectives of HBT-EP.
Plasma Rotation Effects on the RWM The RWM occurs in the presence of a resistive wall,
under conditions where the ideal kink mode would be unstable without a wall but stable with a
perfectly conducting wall. For a wall with finite conductivity, the unstable RWM essentially leaks
through the wall and grows with an exponential growth time of the order of the wall resistive decay
time τw. Experimental [29] [30] and theoretical work [3][7] has shown, however, that the RWM can
be stabilized for times much longer than τw if the plasma is rotating sufficiently fast relative to the
wall. Modifications to the simple ideal MHD theory [3][7] have predicted that, in the presence of
finite plasma dissipation, plasma rotation Ωp greater than some critical value Ωc can stabilize the
RWM [29]. Without plasma dissipation, the RWM appears in a branch of the dispersion relation as
a slowly growing perturbation that is fixed to the wall, and plasma rotation does not stabilize the
resistive wall mode [74]. Experiments by Garafolo et. al have demonstrated the passive stabilization
of the RWM by the resistive wall and plasma rotation is possible, even at βN values significantly
above the no-wall limit [30].
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1.4 The HBT-EP Experiment
The High Beta Tokamak-Extended Pulse (HBT-EP) is a high-aspect ratio, limited, circular plasma
cross-section tokamak dedicated to studying β-limiting MHD instabilities. HBT-EP specifics and a
picture of the tokamak are shown below.
HBT-EP Parameters Typical Values
Toroidal Field (Bt) 0.33 T
Core electron temperature (Te) 80-150 eV
Electron density (ne) 1.0− 3.0 ∗ 1019m−3
Major radius (R0) 0.92 m
Minor radius (a) 0.15 m
Plasma current (Ip) 10-20 kA
Pulse length 4 - 10 ms
Table 1.1: Typical parameters for HBT-EP plasmas
Figure 1.2: The HBT-EP experiment
HBT-EP is constructed from a segmented, 316-stainless steel vacuum vessel interrupted by
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Figure 1.3: The HBT-EP adjustable conducting wall. The positions of HBT-EP’s magnetic sensors
are emphasized, as well as the magnetic feedback ”control coils” attached to the individual wall
segments or ”shells”.
quartz breaks at several toroidal locations. The breaks allow the external B fields from the TF, OH,
& VF banks to quickly penetrate through the vacuum vessel. OH induction must quickly penetrate
the vacuum vessel in order to drive strong current gradients near the plasma edge and produce
current-driven kink modes.
HBT-EP is designed to study and control the Resistive Wall Mode (RWM) and wall-stabilized
rotating kink modes. HBT-EP possess an adjustable conducting wall composed of 20 ”shells” that
can be individually moved relative to the plasma surface in order to change the plasma-wall coupling
and the resulting RWM growth rate. The current diagnostic set on HBT-EP includes:
• 216 Mirnov ~B pickup coils (134 poloidal + 82 radial)
• An Ip, Plasma radial position, Sin(2θ), & Sin(3θ) Rogowski coil
• Loop voltage sensor (1 flux loop)
• 10 poloidal flux loops for Ḃ measurements
• 10-point Thomson scattering system
• Vision Research Phantom v7.3 fast camera (up to 500,000 fps)
• 20 channel D-Alpha Photodiode Array and Visual Camera
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• Single-channel spectrometer (typically used for Dα)
• Soft-X-ray tomography & Soft-X-ray fan array
• Internal 20-channel Hall probe for edge ~B measurement
• 3 independent sets of 40 magnetic feedback “control coils”; unpowered coils can be used as
additional radial ~B field sensors
• Movable edge electrode for control of plasma rotation through an applied ~jx ~B torque
1.5 Outline of this Thesis
This thesis provides a detailed experimental study of HBT-EP plasmas in which the plasma rota-
tion rate has been changed by using a source of external momentum (here, a charged electrode
inserted into the plasma edge) to apply magnetic torque to the plasma. The organization of this
thesis is as follows:
Chapter 2 describes the physics of ideal magnetohydrodynamics, and in particular the physics of
the external kink mode and the resistive wall mode. As RWM stabilization is a key focus of HBT-EP
work, methods of RWM stabilization such as rotation and magnetic feedback are discussed. Finally,
the Fitzpatrick-Aydemir single-helicity RWM model, first introduced by Fitzpatrick and Aydemir in
[23], is described in the high-dissipation limit.
Chapter 3 describes the HBT-EP experimental hardware and the 2009-2010 HBT-EP major
upgrade; including the installation of the new HBT-EP wall, the new magnetics sensor and feed-
back systems, and additional diagnostics such as the plasma ion rotation diagnostic. Chapter 4
describes the bias probe hardware, including the setup of the power supplies used to power the
probe.
Chapter 5 describes the magnetic data acquisition system, and the analysis methods (such as
the biorthogonal decomposition and the Hilbert transform) that are used to analyze the magnetics
dataset. Chapter 6 introduces the subject of detecting the plasma response to resonant external
magnetic perturbations (RMP’s). A polynomial fitting technique is used to extract the RWM fluctu-
ations from the background magnetics signal. The physics of the rotating plasma response to the
RMP is discussed, as is the computation of the static plasma amplitude and phase response to the
RMP using correlation analysis.
Chapter 7 gives results of the effects of the bias probe on the plasma & plasma modes; including
the performance of the probe in the plasma, the observed spinup of the plasma ions and the plasma
modes due to the probe, effects of RWM rotation on RWM amplitude, and the multimode effects
of plasma edge biasing. It is seen that the bias probe is capable of changing the RWM rotation
frequency from its natural rotation of +7→+9kHz to a rotation frequency between -50kHz→+25kHz,
depending on the bias probe voltage. Negative bias accelerates the RWM in its natural rotation
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direction, while positive bias accelerates the RWM in the reverse direction: a bias current of ≈40A is
sufficient to slow down the RWM rotation frequency to near 0kHz. The plasma ions are accelerated
by a maximum of +3km/sec for a bias probe voltage of 150V. The total plasma mode amplitude is
seen to decrease with increasing mode rotation, while the multimode RWM spectrum in HBT-EP
remains constant across all measured plasma rotation frequencies. The multimode RWM behavior
is seen to be non-rigid as the 6/2 mode is seen to move and grow independantly of the 3/1 mode,
this is consistent with expectations seen in previous HBT-EP works such as [46].
Chapter 8 gives results from applying RMPs to plasmas in different rotation regimes, including
rapidly rotating plasmas and slowed plasmas rotating near 0kHz. It is seen that the 3/1 plasma
amplitude response to a 3/1 resonant magnetic perturbations (RMPs) is significantly larger when
the plasma is rotating more slowly: the 3/1 amplitude response increases by a factor of 2.7 as
the plasma is slowed from +9kHz to ±2kHz. It was previously seen that the plasma response to
a 3/1 RMP fell into a linear, saturated, and disruptive response regime depending on the RMP
amplitude [66]. Slowly rotating modes did not exhibit a linear regime and disrupted at lower RMP
amplitudes compared to normally rotating modes, while rapidly rotating plasmas behaved very
similar to normally rotating modes. The measured 3/1 plasma amplitude and phase response to
the 3/1 RMP is seen to be in good agreement with expectations from the Fitzpatrick-Aydemir model.




Physics of the External Kink Mode
2.1 Ideal Magnetohydrodynamics
Ideal Magnetohydrodynamics (MHD) is a useful and successful model that describes the stability
limits and the macroscopic equilibrium of magnetically confined plasmas. MHD is a ”single-fluid”
model where the plasma is treated as a conducting hydrodynamic fluid acted upon by electric and
magnetic fields; Ideal MHD is MHD where the plasma is assumed to have so little resistivity that it
can be treated as a perfect conductor. MHD is derived by combining the “two-fluid” equations, which
describe the motion of ions and the electrons in a plasma separately, into a single fluid equation.
The attractiveness of the MHD model, relative to the more complex “two-fluid” equations comes
from its somewhat more tractable set of equations while retaining much of the important physics.
The MHD equations usually neglect plasma viscosity, momentum transfer to neutrals, and plasma
sources and sinks. MHD is most useful when applied to fast plasma dynamics.
The equations of ideal MHD are [28]:
∂ρ
∂t










) = 0 Energy continuity: (2.1.3)
~E + ~v × ~B = η~j = 0 Generalized Ohms Law for Ideal MHD (η = 0): (2.1.4)
~∇× ~E = −∂
~B
∂t
Low-frequency Faraday’s Law: (2.1.5)
~∇× ~B = µ0~j Low-frequency Ampere’s Law: (2.1.6)
~∇ · ~B = 0 Low-frequency Gauss’s Law: (2.1.7)
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Here ρ=mass density, ~v=fluid velocity, p=pressure, ~j=current density, ~B = magnetic field, ~E =
electric field, γ=ratio of specific heats (5/3 for an adiabatic equation of state), ddt =
∂
∂t + ~v · ~∇ = the
convective derivative operator.
A consequence of infinite conductivity is that the magnetic flux through an element of the plasma
fluid will be a constant; this implies that the magnetic field lines move with the fluid, or that the fluid
follows the ~B field. This effect is called the frozen-in flux condition. Another consequence of setting
η=0 in equation 2.1.4 is that Ideal MHD also does not allow magnetic reconnection or diffusion
across ~B. Having η 6= 0 in equation 2.1.4 frees the plasma from having to move with the ~B field,
and allows for magnetic reconnection and diffusion: MHD with (η 6= 0) is called resistive MHD.
Ideal MHD applies to plasmas with the following conditions [27]
• The plasma is strongly collisional; many collisions must take place on MHD time scales so
that the particle distributions are close to Maxwellian
• Plasma size must be sufficient that resistive diffusion is negligible, despite the high plasma
collisionality.
• Length scales of interest >> Larmor radius.
Because perpendicular dynamics dominates, tokamak fusion plasmas are collisionless, how-
ever ideal MHD still describes these plasmas well. This is because the inaccuracies that arise from
the collisional nature of ideal MHD have small impact on the consideration of tokamak equilibrium
and dynamics [25]. MHD (and fluid theories in general) are limited by the assumption of collision-
ality, which is made to achieve a Maxwellian particle distribution and collisional time scales smaller
than the other characteristic times in the system. For collisionless plasmas it may be necessary to
use a kinetic model which properly accounts for the non-maxwellian shape of the distribution func-
tion. However, because MHD is relatively simple and captures many of the important properties
of plasma dynamics, and is often qualitatively accurate, MHD is almost invariably the first plasma
model used.
2.2 Ideal MHD equilibrium
Ideal MHD equilibria are found for static, time independent plasmas (~u→ 0 ∂∂t → 0) as [28]:
~∇p = ~j × ~B (2.2.1)
~∇× ~B = µ0~j (2.2.2)
~∇ · ~B = 0 (2.2.3)
Taking the cross product of equation 2.2.1 with ~B and ~p also implies that
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~B · ~∇p = 0 (2.2.4)
~j · ~∇p = 0 (2.2.5)
The equilibrium equation for an axisymmetric system such as a tokamak can be written as a
differential equation for the poloidal flux function ψ. This equation is called the Grad-Shafranov











= −µ0R2p′(ψ)− µ20f(ψ)f ′(ψ) (2.2.6)
Where R and z are the cylindrical coordinates, ψ is the poloidal flux function, p(ψ) is the plasma
pressure, f(ψ) = RBϕ/µ0, p
′ = dp/dψ, and f ′ = df/dψ. p(ψ) and f(ψ) are arbitrary parameters
and can, within a tokamak’s design capabilities, be chosen to achieve a desired plasma equilibrium.
The Grad-Shafranov equation (equation 2.2.6) can also be extended to include the effects of plasma
rotation, as was done by Maschke and Perrin [48].
For an axisymmetric equilibrium, the magnetic field lines lie in nested toroidal surfaces as is
illustrated in figure 7.2. Taking the poloidal flux function ψ and the toroidal flux function ϕ, we can
define q as the rate of change of toroidal flux with poloidal flux, q = dΦ/dΨ. Equations 2.2.4 and
2.2.5 show that these flux surfaces are contours of constant plasma pressure.




2.3 Stability of ideal MHD equilibria
There exists an elegant minimizing procedure, known as the Energy Principle, for testing ideal
MHD stability in arbitrary 3D geometry. Its derivation is well described by Freidberg [25]. The
Energy Principle states that a necessary and sufficient condition for MHD stability is
δW ≥ 0 (2.3.1)
where δW is the change in the total plasma potential energy due to a perturbation ~ξ(r, θ, ϕ, t). It is
convenient to represent δW as a sum of contributions from the plasma fluid, plasma surface, and
the surrounding vacuum.












|~∇ · ~ξ⊥ + 2 ~ξ⊥ · ~κ|2 + γp|~∇ · ~ξ2|
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where δWF , δWS , and δWV are the potential energy contributions to δW from the plasma fluid,
plasma surface, and surrounding vacuum region respectively. Here ξ⊥ is the component of the
plasma displacement perpendicular to ~B, and ~Q⊥ = ~∇× (~ξ × ~B). ~κ = ~b · ~∇b is the curvature of ~B.
Equation 2.3.3 is called the intuitive form of δWF as it provides additional physical insight into
the behavior of MHD instabilities. The terms in 2.3.3 have the following simple physical interpreta-
tions. The | ~Q⊥|2/µ0 term represents the energy required to bend ~B field lines, and is the dominant
potential energy contribution to the sheer Alvén wave. The B
2
µ0
|~∇ · ~ξ⊥ + 2 ~ξ⊥ · ~κ|2 term corresponds
to the energy necessary to compress the magnetic field and is the energy source for the compres-
sional Alfvén wave. The γp|~∇ · ~ξ2| term represents the energy required to compress the plasma,
and is the main source of potential energy for plasma sound waves. All three of these terms just
described are stabilizing. The remaining two terms can be either stabilizing or destabilizing. The
−2( ~ξ⊥ · ~∇p)(κ · ~ξ⊥
∗
) term represents a pressure-driven source of instabilities, while J‖( ~ξ⊥
∗×~b) · ~Q⊥
represents a current-driven source of instabilities.
Since ξ‖ appears only in the plasma compressibility term, it is convenient to first perform a
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universal minimization with respect to ξ‖. As is well known, [25], this minimization leads to the
general minimizing condition
~B · ∇(∇ · ~ξ) = 0 (2.3.6)
HBT-EP instabilities are primarily current-driven due to HBT-EP’s low plasma β; therefore the
primary driving term for the instabilities studied in this thesis is the final term in 2.3.3.
2.4 The ideal external kink mode and resistive wall mode
The ideal external kink mode is the most dangerous MHD instability in tokamaks. It is so named
because it leads to a kinking of the magnetic surfaces and the plasma boundary (see fig 2.2). At
low β its driving force comes from gradients in the parallel current distribution k = mu0j‖/B. At
higher β, the pressure gradient contributes to this instability. In the absence of nearby conducting
structures, external kink modes grow on an Alvènic time scale τA = a
√
µ0ρ/B, which is typically
on the order of microseconds. External kinks are particularly pronounced when q is just above an
integer at the plasma edge.
Figure 2.2: A (m,n)=(3,1) helical perturbation to a toroidal plasma surface, as might be seen during
the beginning of an external kink mode.
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The external kink mode would be stabilized if a perfectly conducting wall was placed near the
plasma boundary. Eddy-currents in the wall would oppose changing fields from the kinking plasma
surface and prevent growth of the mode. A non perfectly conducting (resistive) wall would allow
instabilities to grow on a time scale determined by the resistivity of the chamber walls. These are
called resistive wall modes or RWMs. While not perfectly stabilized, the slow growth of the RWM
permits feedback stabilization using magnetic “control coils” which apply radial ~B perturbations to
the magnetic surface. Plasma rotation can also be used in conjunction with feedback to stabilize
the RWM, as plasma rotation can stabilize the resistive wall mode by dragging the mode toroidally
at too rapid a rate for it to penetrate the wall [9]. In the absence of RWM stabilization, the effective
stability boundary for the plasmas is the so-called no-wall stability boundary, which is the ideal
external-kink stability boundary calculated in the absence of a wall. On the other hand, if the
RWM is completely stabilized then the effective stability boundary for the plasma becomes the
ideal-wall stability boundary, which is the ideal external-kink stability boundary calculated under the
assumption that the wall is perfectly conducting. Experimentally, it is found that tokamak plasmas
can exceed the no-wall β limit (i.e., the ideal β limit calculated in the complete absence of a wall)
for time periods much longer than τw, provided that the plasma is rotating sufficiently rapidly [22]
2.5 Stabilizing the Resistive Wall Mode
The RWM must be controlled for tokamaks and spherical tori to achieve high β scenarios with good
confinement and low current drive power requirements. Stabilization of the RWM has been seen in
tokamak experiments by active feedback and by plasma rotation.
2.5.1 Feedback stabilization of the RWM
A perfectly conducting resistive wall coupled strongly enough to the plasma surface would have
the effect of completely suppressing the RWM, however engineering-wise this is not practical in
tokamaks due to the cryogenic/material requirements involved. When βN > β
nowall
N and plasma
rotation is insufficient on its own, we must rely on magnetic feedback to stabilize the plasma. Figure
2.4 illustrates the process of active magnetic feedback.
Many different control logics have been experimentally tested, a summary is given in table 2.1. A
thorough treatment of RWM stabilization by magnetic feedback is given by C. Cates and J.Hanson
[14] [36].
2.5.2 Rotational stabilization of the RWM
According to conventional theory, RWM stabilization via rapid plasma rotation is a combined effect
of plasma rotational inertia and plasma dissipation. R. Fitzpatrick and J.Bialek have derived a RWM
model specifically for HBT-EP plasmas [24], in which the requisite plasma dissipation is provided
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Figure 2.3: Stability diagram for kink modes for the current distributions j = j0(1− (r/a)2)ν [73]
by two realistic edge dissipation mechanisms: flow damping due to charge exchange with cold
neutrals, and neoclassical flow damping. Fitzpatrick’s HBT-EP RWM model is a model of the RWM
for a large aspect ratio, low β, circular cross section tokamak plasma that is surrounded by a con-
centric, thin, uniform resistive wall. Fitzpatrick’s model assumes uniform toroidal plasma rotation.
Edge dissipation due to charge exchange with cold neutrals is not quite enough to account for the
observed rotational stabilization of the RWM in HBT-EP plasmas; however, edge dissipation due
to neoclassical flow damping is just about large enough to explain the observations. Taking both
dissipation mechanisms together, Fitzpatrick concluded that the net edge dissipation in HBT-EP
plasmas is sufficient to account for the observed rotational stabilization of the RWM in HBT-EP.
In 1994 Bondeson and Ward explained, based on numerical simulations with the MARS linear
stability code [7], how the pressure-driven ideal external kink modes in tokamaks could be fully
stabilized by utilizing a combination of resistive walls and plasma rotation. Betti and Freidberg [3]
and Fitzpatrick and Aydemir [23] later independently developed an analytic theory to explain the
numerical results of Bondeson and Ward. Both the Fitzpatrick-Aydemir and Betti-Freidberg models




















Figure 2.4: Signal flow for active feedback [16].
Logic Type of flux and method of utilization
Smart shell Uses total radial flux just outside or inside the wall: feedback
tries to produce ‘pseudo-ideal’ wall at the observation location.
HBT-EP was the 1st to do this in a tokamak.
Fake rotating shell Uses radial flux: the feedback currents are toroidally shifted
relative to the observed mode pattern imitating the phase shift
inducted by toroidal rotation.
Explicit mode Uses the radial flux compensated by the flux due to direct cou-
pling between the coil and the sensors.
Mode control Uses polidal flux that is due to the unstable RWM and opti-
mally decoupled from the applied Br field from the feedback
coils.
Table 2.1: Summary of different feedback logics [16].
other, although the Fitzpatrick-Aydemir model uses a different dissipation mechanism than the Betti-
Freidberg model [16]. Both plasma dissipation and rotation have been shown to be necessary for
stabilization of the RWM. According to the F-A model, the required plasma dissipation is provided by
the edge plasma viscosity. According to both models, the critical toroidal plasma velocity required to
stabilize the RWM is of the order k‖aVA; where k‖ is the parallel RWM wave number at the plasma
edge, a is the plasma minor radius, and VA is the typical Alvén velocity. For unstable low-n external
kinks k‖a << 1, therefore the critical rotation velocity is only a few percent of the Alvén velocity.
However, recent experiments have suggested that the critical rotation required to stabilize the RWM
can be significantly lower than previously expected, and has been observed in experiments to be
as low as around 0.3% of the Alvén speed [16]. Kinetic model calculations utilizing the MARS-K
code have achieved results where this experimentally reported low rotational threshold is in close
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range with the results of computation. These low-rotation RWM stabilization results are an active
area of research due to interest in rotational stabilization in large fusion scale tokamaks like ITER
[47].
Tokamak plasmas naturally rotate toroidally at a few percent of the Alvén speed, the source




5.427 ∗ 10−3c. Typical unbiased plasma rotation in HBT-EP is 5-10 kHz, i.e. < 3.5% of the toroidal
Alvén velocity.
The control of toroidal rotation is an important issue in tokamaks and ITER. Recent studies have
shown that a break in the magnetic axisymmetry as small as δBB ≈ 10−4 can result in significant
dampening of toroidal rotation, this is called the neoclassical toroidal viscosity (NTV) torque. This
torque is impossible to avoid in tokamaks due to imperfect magnets and therefore can change the
plasma rotation and stability unexpectedly. [60]
Non-axisymmetric magnetic fields can be externally placed on the plasma to create the NTV
torque, as has been done on DIII-D using the I-coils. The neoclassical toroidal viscosity (NTV) has
generated considerable experimental interest as it promises to provide an external input for toroidal
rotation without inducing locked modes. Such capability would be a great benefit to the ITER
experiment, since its present benchmark scenario relies on an ohmic startup with an anticipated
low toroidal rotation rate (∼ 0.5 kHz), compared to present tokamaks. [17]
2.6 RWM Model in the High-Dissipation Limit
The Fitzpatrick-Aydemir model presents a single-helicity model of the RWM which has been shown
to be consistent with measurements of HBT-EP plasmas [66]. The model employs toroidal plasma
rotation, and includes the following realistic edge dissipation mechanisms: dissipation due to charge-
exchange with cold neutrals and dissipation due to neoclassical flow damping. The model is applied
to the HBT-EP tokamak with the wall parameters determined by fitting to output from the VALEN
code [24]. The F-A model reduced for the high-dissipation was described in [49]. In its reduced
form, the F-A model is a system of ordinary differential equations for the flux of the mode at the








































Parameters Definition Typical Values
ψa Flux at plasma surface
ψw Flux at resistive wall
ψc Flux due to coils, calculated at the wall radius





Boozer torque parameter 2.3
Ω Angular plasma rotation frequency 8 kHz





Inverse wall time (wall eddy current decay rate) 3.4 ms−1
νd Energy dissipation rate due to anomalous ⊥ viscosity 450 ms
−1
c Plasma-wall coupling 0.25
cf Plasma-feedback coil coupling 0.8
Table 2.2: F-A model parameters
There are many terms in the above equation which are defined in table 2.2. The dimensionless
Boozer stability parameter s̄ is normalized such that s̄ = 0 corresponds to the no-wall limit and s̄ = 1
corresponds to the ideal wall limit. The finite-element RWM code VALEN is used to calculate the
RWM dispersion relation and calculate the model parameters γMHD, γw, cf , and c. The effective
natural toroidal rotation rate of the plasma and kink mode, Ω, is obtained from experimental mea-
surements of the unperturbed rotation of HBT-EP’s MHD instabilities. The dissipation parameter νd
was estimated in HBT-EP plasmas by measuring the plasma flux amplification of HBT-EP plasmas
to static external perturbations [63], and calculating the effective HBT-EP resistive wall time with the
VALEN code [64].
The eigenvalues of the Fitzpatrick-Aydemir equations illustrate the physics underlying stabiliza-
tion of the resistive wall mode due to rotation [49]. The eigenvalues here are given as γi, and
obey the relationship A~x=γi~x. For wall-stabilized plasmas with high viscosity, rotation stabilizes the




































As the torque parameter increases, the wall eddy currents lag behind the perturbed plasma
currents. This phase shift occurs even without rapid rotation of the wall mode in the lab frame.
When Ω/γw exceeds a threshold given by eq. 2.6.7, the eddy currents in the wall stabilize the kink
mode. These eddy currents were measured by Garafolo et. al [31].
For discharges with significant rotation, the resistive wall mode can be stabilized up to the ideal
wall limit s∼1. Figure ?? illustrates the stability diagram for the wall-stabilized kink with parameters
similar to HBT-EP.
H L
- Ν Γ =
Wall mode stabilized due to
plasma rotation
Stability diagram for HBT-EP. The solid black curve is marginal kink stability, while the red curve
represents Re[γ]=0.5γw. The no-wall stability limit occurs for s<0, the ideal-wall limit is s=1, and
the unstable RWM can be unstable only when 0<s<1. Increasing the RWM rotation frequency can
stabilize the RWM by driving it into the wall-stabilized region from the RWM unstable region.
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Chapter 3
The HBT-EP Upgrade and Hardware
HBT-EP’s April 2009 - Dec 2010 major upgrade greatly improved its capability to study tokamak
multi mode MHD instabilities, and also its capabilities of using 3D magnetic fields for MHD instability
control. The upgrade included:
• An entirely new conformal conducting wall: designed to allow the RWM to grow slowly on
the timescale of an HBT-EP plasma discharge (≈ 5ms), while being more conformal to the
plasma surface than the previous wall.
• A new high-accuracy, high-resolution magnetic diagnostic set: the total number of in-vessel
magnetic sensors was increased from 20 poloidal sensors to 134 poloidal and 82 radial sen-
sors, greatly improving the resolution of the magnetics dataset.
• A new control coil system consisting of three modular coil arrays with increased plasma sur-
face coverage and power: overall the new control coil system is capable of supplying 10x the
magnetic feedback flux of the previous system.
This chapter describes the new conformal wall and HBT-EP’s current collection of passive mag-
netic and optical plasma diagnostics.
3.1 Adjustable Conducting Wall Sections
HBT-EP plasmas are surrounded by a rigid conformal wall on the inboard side, and on the out-
board side by a set of 20 wall segments known as ”shells” that can be individually moved radially
outward/inward from the plasma surface. The shells are designed to be conformal to the outboard
surface of a plasma having a major radius of 92cm and a minor radius of 15cm, with a 1cm gap
between the plasma and the shell surface. The left-hand side of the shell is designed purely for
passive suppression of the ideal external kink, while the right-hand side serves as a supporting
structure for the active feedback control coils. The toroidal extent of each shell is 33◦, and each
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shell includes two rows of 3 window-pane cutouts for control coil flux access to the plasma surface.
The 3 control coil cutouts are spaced 5◦ apart toroidally, leaving an 18◦ continuous segment of the
shell for passive suppression of the ideal external kink and the RWM. The HBT-EP conducting wall
and a rending of a standard shell with control coil cutouts is shown in fig 3.1.
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Figure 3.1: The HBT-EP adjustable conducting wall. The positions of HBT-EP’s magnetic sensors
are emphasized, as well as the magnetic feedback ”control coils” attached to the individual wall
segments or ”shells”.
3.1.1 HBT-EP Shell Design and Manufacture
HBT-EP currently possesses its 3rd generation of conformal conducting shells, which were manu-
factured as part of the 2009-2010 upgrade. A photo history of the manufacturing process for the
new HBT-EP shells is shown in fig 3.2. The HBT-EP shells are made primarily of 3/16” 316 stainless
steel, and were made by spinning a large stainless steel sheet onto a wooden form shaped into the
dimensions of the HBT-EP plasma (3.2a). The center of the resulting bowl-shaped stainless steel
forms were cut out, forming a ”ring” shape seen in (3.2b). The rings were then annealed at 1010◦C
to remove residual stresses from the spinning process, sandblasted to remove annealing-induced
carbon surface contamination (3.2b), and cut into individual shells. The control coil window cutouts
were then laser-cut into the shell’s right-hand side (3.2c). To increase the shell wall time the shell’s
passive stabilization region is electroplated with copper on the inside and outside faces: the tar-
geted copper thickness is 2.5 mills, however electromagnetic and microscopic inspection revealed
that the coating is much thicker than nominal (>10 mills in certain location) and is non-uniform, be-
ing thicker near the shell edges. The entire shell is electroplated with 0.3 mils of chome to prevent
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copper sputtering during plasma discharges (3.2e). Finally the shells are machined to add mount-
ing holes for the shell mounting brackets and magnetic sensors, and cutouts in the passive section
of the shell to permit the optical diagnostics to observe the plasma without retracting the otherwise
visually-obstructing shell (3.2f).
3.2 New Magnetic Diagnostics
An entirely new magnetic diagnostic system was built for HBT-EP as part of the 2009-2010 upgrade
[50], offering high-resolution and high-sensitivity measurements of the plasma surface’s magnetic
structure. The HBT-EP magnetics systems contains a total of 216 magnetic sensors, that are dis-
tributed as follows:
Feedback sensors: The feedback sensor set has 40 Bp and 40 Br field sensors mounted on the
shells, with 2 radial and 2 poloidal sensors mounted per shell (fig. 3.1 green rectangles). The FB
sensors have the same poloidal center as the control coils, while their toroidal placement is de-
signed to minimize coupling to the adjacent CC arrays (the CC array on the shell that the sensor is
mounted on, and also the CC array on the shell located to the immediate left of the shell that the
sensor is mounted on.)
High-Density Poloidal arrays: HBT-EP possesses 2 high-density poloidal sensor arrays, separated
180◦ degrees apart. Each HD array contains 32 magnetic sensors: All 32 sensors measure Bp,
while 16 sensors also possess a Br measurement (fig. 3.1 red squares). The outboard portion
of each poloidal array is mounted directly on the shells, while the remaining inboard sensors are
mounted on a custom support made of 1/16” 316 stainless steel.
High-Density Toroidal array : The high-density toroidal sensor array contains 30 sensors. All 30
sensors measure Bp, while 10 of the sensors also measure Br (fig. 3.1 blue squares). The toroidal
array is located slightly below the midplane on the high-field side of the machine, and the sensors
are not evenly placed as they are mounted on custom mounting brackets.
In general Bp is about an order of magnitude larger than Br due to eddy current effects. As such
the Bp sensors are the primary sensors used by HBT-EP to determine the multimode MHD insta-
bility structure of the plasma, while Br sensors are useful in determining eddy-current contributions
to the poloidal sensors.
All HBT-EP magnetic sensors are high-precision Mirnov pickup coils, and measure ∂B/∂T
through Faraday’s law. The output voltage of each sensor must then be amplified and integrated to
provide B from ∂B/∂T . The output voltage of each sensor is pre-amplified and partially-integrated
with an analog RC filter: feedback sensors have a gain of 10, while high-density sensors are ampli-
fied by 100 due to their small NA value. All amplifiers have a time constant RC=200 µs, leaving the
Mirnov sensor signal partially integrated as it passes through the amplifier. Full integration of the
analog signal is completed using software. The sensors are constructed of 10-20 turns of 30 AWG
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(a) Shell spinning (b) Shell annealing and sandblasting
(c) Shell laser cutting (d) Shell passive stabilization region copper-plated
(e) Entire shell chrome-plated (f) Shells machined in-house to add optical diagnostic
cutouts, shell mounting brackets, sensor holes ect.
Figure 3.2: Shell manufacturing process
kapton-coated copper wire wound around a machined teflon form. The feedback sensor teflon
forms (106mm × 20mm) are much larger than the high-density poloidal and toroidal sensor array
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forms (26mm × 15mm). All sensors were calibrated to< 1% deviation from target NA specifications
using a Helmholtz coil before installation, nominal sensor NA’s are listed in table 3.1. All sensors
are covered by a 2.5 mil thick stainless steel shield to provide protection from plasma corrosion.
Magnetic signals are stored at 16-bit resolution with 500kHz sampling using the D-TACQ ACQ196
CPCI digitizer.
Sensor Type Number of Turns N x Area
High-resolution radial 10 28.8 cm2
High-resolution poloidal 10 8 cm2
Feedback radial 10 176.8 cm2
Feedback poloidal 20 80.0 cm2
Table 3.1: Nominal NA values for the magnetic sensors
Improvements in HBT-EP magnetics system
HBT-EP’s ”3rd generation” magnetics systems is superior to the 2nd generation system that it re-
placed; offering a 10x increase in the total number of magnetic sensors. The improvements be-
tween the 2nd generation and 3rd generation magnetic sensor systems are highlighted in fig. 3.3
and table 3.2.
(a) 2nd generation HBT-EP wall [36] (b) 3rd generation HBT-EP wall
Figure 3.3: 2nd (left) vs. 3rd(right) generation HBT-EP magnetics system
2nd generation sensors 3rd generation sensors
Total number of Poloidal ~B sensors 20 134
Total number of Radial ~B sensors 0 82
High-Density Poloidal sensor arrays none 2, separated by 180◦
High-Density Toroidal sensor Array none One, inboard midplane
Toroidal locations with shell-mounted sensors 5 10
Table 3.2: Comparing the 2nd and 3rd generations of HBT-EP’s magnetics system.
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3.3 Control Coils and the Magnetic Feedback system
Magnetic feedback is useful in tokamaks for the excitation and suppression of MHD instabilities,
especially for MHD instabilities present near the surface of the plasma such as the ideal external
kink or the RWM. HBT-EP possesses 3 sets of magnetic feedback “control coils”, which are used to
apply magnetic flux to the plasma surface. The 3 sets of control coils are categorized as the small,
the medium, and the large control coil set; each set consists of 40 individual coils laid out in a 4
× 10 grid across the outboard surface of the plasma. An individual small, medium, and large coil
respectively spans 5◦, 10◦, and 15◦ of the toroidal extent of the plasma; in total the large control coil
array covers about 25% of the total plasma surface. One benefit of having 3 independent sets of
different-sized control coils is being able to measure the effects of sideband harmonics interacting
with MHD modes during n=1 feedback and other experiments [66]. Another benefit of having 3
control coil sets is that any set not actively used for feedback can be used as additional flux pickup
coils, potentially increasing the total number of magnetic sensors in HBT-EP by 120. In HBT-EP
only one control coil set is powered at a time, due to lack of sufficient power supplies to drive more
than 40 individual coils simultaneously.
Figure 3.4: HBT-EP’s 3 sets of control coil windings: Large (Green), Medium (Blue), Small (Red)
A rendering of the control coil windings are seen in fig 3.4; the large and medium coils skip
the top-right corner to avoid hitting the vacuum chamber when the shells are withdrawn. All coils
are made of 24 AWG Kapton-coated copper wire, with the large set having 12 turns, the medium
14, and the small 17. It is desired to maximize the coil magnetic output while minimizing the coil
inductance. Coil inductance slows the response of the control coils to a given applied voltage by
introducing a phase delay between the voltage applied to the control coil by the power supplies and
28
the magnetic field emitted by the coil (Bcoil ∼ N ∗ Icoil, L ∼ N2, Zcoil = R + jwL,R ∼ N ). Thus, N
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Figure 3.5: Selecting the optimum number of windings in the control coils for feedback perfor-
mance. The optimum number of windings is that which maximizes the magnetic output of the coil
(Bcoil ∼ N ∗ Icoil) at a given control coil voltage, while also minimizing N to minimize the control coil
inductance. N ∗ Icoil is plotted here vs N for the maximum voltage output of the Crown XLS5000
amplifier (≈ 150V in stereo mode @4kHz). The large control coils are chosen to have 12 turns, the
medium coil 14, and the small coils 17.
.
The 40 control coils are powered using 20 dual-channel Crown XLS5000 5kW audio amplifiers
operated in stereo-mode, providing 2.5kW per control coil and a maximum control coil current of
≈ 45A through the large coil set (480 Ampere-Turns). The applied magnetic field to the plasma
surface for the m/n = 3/1 helicity is 0.33 G/A; therefore the maximum resonant RMP (resonant
magnetic pulse) is ≈ 15G. In HBT-EP Bt ≈ 3300G, therefore the maximum applied B3/1r /Bt =
4.5× 10−3.
A 1A slow-blow fuse is included in the circuit to protect the coils against currents that could
potentially burn the Kapton wire coating inside the vacuum vessel. The Crown amplifiers are
computer-controlled using either an FPGA or a GPU based controller. Each of the 40 control
coil currents is measured with a precision (± 0.25 %) 0.1 Ω shunt resistor.
For the work done in this thesis, only the large control coil set was used.
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3.4 Other relevant diagnostics
3.4.1 Rogowski coils
HBT-EP possesses a set of independent Rogowski coils that are wound around the poloidal cross-
section of the machine. Their functions are listed in table 3.3.
Rogowski Winding Function
Uniform Winding Measures the total plasma current
Sin(θ) Measures plasma vertical position
Cos(θ) Measures plasma major and minor radius
Sin(2θ) Measures m=2 mode activity
Cos(2θ) Measures m=2 mode activity
Sin(3θ) Measures m=3 mode activity
Cos(3θ) Measures m=3 mode activity
Table 3.3: HBT-EP Rogowskis
3.5 Rotation diagnostic
Figure 3.6: HBT-EP’s plasma ion velocity diagnostic setup. The apparatus is designed to have
two detectors view the identical volume of plasma so the effects of changing plasma intensity is
removed.
The word “rotation” in a tokamak can refer to one of two things: (1) The rotation of the plasma
modes, or (2) the rotation of the plasma ion mass. As the plasma ions carry the mass of the plasma,
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Figure 3.7: Concept of the measurement method. (a) Two interference filters examine the impurity
line that is positioned in a 99.9% linear region of the filters. As the line is Doppler shifted (in this
illustration towards the red) the signal ratio is varied.
in literature the word “plasma rotation” usually is taken to refer to the ion rotation. Magnetic mea-
surements in HBT-EP gives us rich information about the plasma modes, including their rotation
frequencies, but gives no information about the ions. A separate diagnostic is needed to mea-
sure the velocity of the plasma ions, a Mach probe (a type of Langmuir probe allowing plasma ion
velocity measurement) or measurement of an impurity line Doppler shift with a grating spectrom-
eter being the traditional choices. Mach probes however are invasive diagnostics, and the grating
spectrometer method suffers from both very low signal throughput and slow data collection speed.
The HBT-EP rotation diagnostic provides a novel noninvasive, high-throughput, and fast-response
spectroscopic measurement of the plasma ion velocity. The diagnostic works by calculating the
Doppler shift of an impurity ion species from the ratio of the light intensity from two detectors, rather
than resolving the emission line with a traditional spectrometer. The ratio is not sensitive to changes
in the plasma emission because the two detectors observe identical volumes of plasma. One detec-
tor views the plasma through an interference filter whose passband has a negative slope, and the
other channel views through a positive-slope filter. The signal ratio changes as the line is shifted
across the passband of the filters, as is shown in 3.7. Currently the rotation diagnostic contains
passband filters chosen to measure the Doppler shift in the HeII (4f → 3d) λ0 = 468.57 nm line
[55]. Therefore, to operate the rotation diagnostic a He impurity must be present in the plasma; our
rotation diagnostic experiments used a mixed gas plasma of 90% D and 10% He. Unfortunately
even a 10% He impurity negatively altered the plasma performance, and typically resulted in cold,
low-Ip plasmas that disrupted rapidly. The rotation diagnostic was used in conjunction with the bias
probe to measure the torquing effect that the bias probe had on the plasma ions. Due to the nega-
tive effects of the He-impurity on plasma performance, the rotation diagnostic was not re-installed
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Figure 4.1: Bias Probe setup
The bias probe is placed inside the plasma edge, and a potential is placed on the probe using a
bias setup. The flux surfaces interacting with the probe are biased to the same electric potential due
to the extremely large plasma parallel conductivity (Appendix:10.3), and radial current flows from
the core through the LCFS to the limiter. The ~Er × ~Bp drift causes toroidal rotation of the plasma
& plasma modes. Strong damping of the poloidal rotation due to magnetic pumping implies that
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mode rotation is primarily toroidal and solely dependent on the toroidal torque [68]. The damping
of poloidal rotation due to magnetic pumping was seen experimentally in DIII-D by R. LaHaye [45].
We expect the toroidal and poloidal torques on the plasma due to the bias probe to scale like
~E × ~B = | ~Er × ~Bp|ϕ̂+ | ~Er × ~Bt|θ̂ (4.0.1)











For a bias voltage of +300V, the toroidal RWM rotation changes from +8 → -40kHz.
4.1 Bias Probe Physical Setup
Figure 4.2: The Bias Probe.
The bias probe is a molybdenum ”Mushroom cap” probe, with a base diameter of 1.9cm and a
height of 1.07cm. A photograph of the bias probe is presented in figure 4.2. The innermost probe
tip is located 4.23cm inside the last closed flux surface (LCFS), which is the maximum penetration
depth permitted by the bellows setup.
The bias probe insertion can reduce RWM amplitude: significant difficulty getting strong modes
with the probe inserted was a recurring problem in the HBT-EP bias probe experiments. This may
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be due to the physical presence of the probe interfering with the edge current gradients. We typically
insert the probe to full penetration as this results in stronger modes than when the probe is inserted
to a more shallow penetration.
4.1.1 Calibrating the radial position of the bias probe
The radial position of the outboard plasma edge can be used to calibrate the radial position of the
bias probe, as can be seen in figure 4.3. The bias probe current goes to 0 amps when the outboard
plasma edge no longer makes contact with the innermost tip of the bias probe.
Figure 4.3: Calibrating the radial position of the bias probe using the radial position of the outboard
plasma edge.
4.2 Bias probe power supply setup
A schematic of the bias probe power supply is shown in figure 4.4. The components of the bias
probe power supply are described below.
1. Crown XlS5000 Audio Amplifier: 5000 RMS Watt commercial audio amplifier; maximum volt-
age output is (-326V,326V) in bridge mode, maximum current output is ≈45A. Time lag of the
crown amplifier is 900ns (input signal to output voltage delay).
2. 15KPA180CA: Transient voltage suppression diode, clamping voltage of 291V. Prevents po-




















The wires connecting the transformer
secondary terminals to the (bias probe /
grounded chamber) are twisted together to
avoid creating a large flux pickup loop.
Figure 4.4: Bias Probe Power supply setup.
3. Littelfuse 0505020.mxep 20A, 500V fast-acting fuse. Allows large, short-duration (60A,<7msec)
current pulses to pass through but prevents damaging constant current from flowing through
system.
4. 2:1 Stepdown transformer: Halves the output voltage while doubling the output current to
the probe. This is useful as the crown amp is significantly more current-limited than voltage-
limited. Also provides a ”buffer” between the bias probe and the crown amplifier.
5. Current Rogowski, Voltage Divider: Measures the current, voltage to the probe and channels
this data to the A14 by using noise-insulating Triax Cable
An electrolytic capacitor bank is also available in lieu of the Crown amp for high power electron-
saturation experiments. The capacitor bank is capable of operating from (+0,+350V) with available
current supply exceeding 100A. The capacitor bank is significantly noisier than the crown setup,
is not capable of providing negative bias to the probe, and grounds the probe when not activated
(rather than letting it float).
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4.3 Understanding the torque of the bias probe on the plasma
The torque on the plasma from the bias probe can be estimated, treating the poloidal magnetic field
Bp as a constant, as:
τprobe = JprobeBpR ∗ 2πR ∗ 2πa4 (4.3.1)
τprobe =
Iprobe
2πR ∗ 2πaBpR ∗ 2πR ∗ 2πa4 (4.3.2)
τprobe = IprobeBpR4 (4.3.3)
where:
Bp ≈ 180 Gauss Poloidal Magnetic Field
R 0.92 meters Major Radius
Iprobe 0-100 amperes Current emitted by bias probe
a 0.15 meters Minor Radius
4 0.0316 meters Deepest penetration depth of bias probe (see fig. 4.1)
If Bp varies with the minor radius (Bp = Bp[ρ]), equation 4.3.3 becomes





Utilizing the Mathematica software, we obtain the following plot of the bias probe torque on the
plasma vs. the bias current.
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Figure 4.5: Torque vs Ibias
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Imom(Ω− Ω0) + τ (4.3.6)
In equilibrium, this reduces to




where τvis is the viscous damping time of the plasma, Ω the steady-state rotation frequency of the
plasma after being accelerated by the bias probe, Ω0 the unperturbed rotation frequency of the
plasma, Imom the plasma moment of inertia, and τ = k ∗ Iprobe the torque placed on the plasma
by the bias probe. Here Ω0=7kHz, Imom ≈ 1.17 ∗ 10−8kg ∗m2, and k=0.6 ∗ 103 Nm/A. A bias probe
current of approximately 40 amperes is sufficient to reduce the plasma rotation to near 0kHz. Using





HBT-EP possesses 216 well-distributed magnetic sensors that allow detailed measurement of MHD
phenomena in HBT-EP. Biorthogonal decomposition analysis is particularly well-suited to analyzing
the spatial and temporal resolution of this large magnetics dataset, and reveals the multimode
RWM spectrum of HBT-EP plasmas by decomposing the magnetics data into superpositions of
independent spatial and temporal modes. In addition, Hilbert analysis allows the instantaneous
rotation frequency and instantaneous amplitude of the dominant RWM to be accurately calculated.
This allows direct observation of the time evolution of the dominant RWM amplitude and rotation
frequency as the plasma is torqued by the bias probe.
5.1 Visualizing the Magnetic Fluctuations
The 3/1 resistive wall mode is the most studied kink-mode in HBT-EP. The 3/1 wall-stabilized kink, or
RWM, appears reproducibly and with sufficient amplitude for careful study. To excite a 3/1 RWM, the
ohmic heating and vertical field banks are adjusted to induce the plasma into having a strong current
ramp and stationary major radius. The mode is excited with with an edge q hovering below q=3.
Strong current ramps are destabilizing to external kinks and therefore the RWM. A stationary major
radius is necessary for accurate biorthogonal decomposition data analysis. We have observed that
the most destabilizing region for the 3/1 RWM has an edge q just below 3. (see figure 2.3). The
equilibrium parameters of a standard HBT-EP shot are displayed in Figure 5.1.
For any given magnetic sensor, the total signal is composed of both equilibrium and fluctuating
magnetic fields. The fluctuating fields represent MHD phenomena such as the RWM, while the
equilibrium field represents the axisymmetric current. The fluctuating fields are found by subtracting
the slowly varying plasma equilibrium by using temporal smoothing on the magnetic sensor signals.
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Figure 5.1: Plasma current, major radius, and edge q for a typical HBT-EP plasma (Shot 70246)
Figure 5.2: Sample feedback sensor magnetic signal. The magnetic fluctuations (green) repre-
senting MHD activity are subtracted from the equilibrium background (red) representing the plasma
equilibrium.
Subtracting this time averaged signal from the total signal defines the fluctuations (Fig. 5.2).
Contour plots of the poloidal magnetic fluctuations picked up by the toroidal and poloidal HD
sensor arrays provide a visual representation of the dominant plasma mode (Fig 5.3). The poloidal
arrays contain 32 sensors and the toroidal array contains 30 sensors. The signals are sampled at
500kHz, providing good temporal resolution.
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Figure 5.3: Poloidal field perturbations from the high-density toroidal and poloidal arrays. The
white diamonds on the left of the plots denote the individual sensor positions. All data sensors are
sampled simultaneously.
A contour plot of signal vs. time for a set of magnetic sensors, often referred to colloquially
as a “stripy plot”, provides a visual representation of the total RWM activity. In fig. 5.3 we show
the toroidal array and poloidal array #2 stripy plots for shot #70246, where the individual sensor
positions are denoted as the white diamonds on the left of the plots. The dominant mode (m/n)
number can be determined visually by counting the number of stripes at a given moment in time on
the (poloidal/toroidal) array contour plot. In addition the ”pitch” of the stripes gives a visual guide to
the dominant mode rotation rate; the more highly pitched the stripes the faster the mode rotation.
The stripy plots show the total RWM activity but do not demonstrate the multimode RWM spectrum;
full biorthogonal decomposition, however, reveals a rich multimode MHD structure. In figure 5.3 the
dominant mode is a 3/1 RWM rotating in the −ϕ̂ direction (viewed from the top of the machine),
which is the direction of the electron fluid flow (counter Ip).
5.2 The Biorthogonal Decomposition
The dominant spatial structures and temporal dynamics of the magnetic sensor fluctuations can be
identified using the biorthogonal decomposition (BD) technique. The Biorthogonal Decomposition
(BD) is also known as Singular Value Decomposition (SVD); there is no difference between the two
mathematically, however, the term “Biorthogonal Decompositon” will be used here due to conven-
tion. The good temporal and spatial resolution of the magnetic sensor dataset in HBT-EP lends
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itself naturally to spatio-temporal decomposition via the Biorthogonal Decomposition technique.
In HBT-EP, biorthogonal decomposition is performed by arranging the magnetics dataset into a
spatio-temporal data matrix S, where S is formatted so that the time points form the rows and the
different sensor measurements form the columns. The m × n matrix S is then factorized into the
unitary matrices U and V, and the diagonal matrix Σ in the form
S = UΣV † (5.2.1)
where the columns of U represent the temporal modes, the diagonal entries σ of Σ are the
singular values, and the rows of V represent the spatial modes. Here ui · uj = δij and vi · vj = δij
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Figure 5.4: Biorthogonal Decomposition Matrices
The following relationships give the entries (u,σ,v) of (U,Σ,V) [43]:
• The spatial modes (v1, v2, ...vN ) are the eigenvectors of S†S
• The temporal modes (u1, u2, ...uN ) are the eigenvectors of SS†.
• The singular values are the square roots of the non-zero eigenvalues of S†S or SS†
The BD is very general in the sense that it can be applied to any m × n matrix whereas eigen-
value decomposition can only be applied to certain classes of square matrices.
A common convention is to list the singular values of Σ in decreasing order, which also orders
the associated spatial and temporal modes. Thus the columns of U and V represent an ordered list
of the most relevant temporal and spatial modes, with the magnitude of the corresponding singular
value σ telling the relative importance of each temporal & spatial mode pair. In a typical HBT-EP
magnetics dataset, only a few singular values are of non-negligible value (see fig. 5.5).
A major advantage of the BD is that additional sensors are easily incorporated into the matrix
S, while defective sensors can be easily removed from the analysis without significant impact on
the results (provided that there are still sufficient sensors in the matrix S). Also the BD is far more
robust at determining the dominate spatial structures than is Fourier analysis, as unlike in Fourier
analysis the structural mode basis is not predetermined.
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Biorthogonal decomposition analysis was carried out in this dissertation using the IDL SVDC
command; BD analysis is accomplished in Python using the linalg.svd command in the numpy
package.
5.2.1 BD spatial and temporal mode interpretation
Biorthogonal Decomposition analysis is a highly useful technique for investigating plasma physics
phenomena. The BD has been used in plasma physics research to analyze soft x-ray emission
fluctuations [20], magnetic field fluctuations [20], and plasma edge turbulence [2] [38].
Each temporal and spatial mode pair comes with an associated singular value. The square
of the singular value is interpreted as the amount of ”energy” in each mode: modes associated
with larger singular values are more important than those modes associated with smaller singular
values. The fraction of the total mode energy contained in a given spatial-temporal mode pair is








For magnetic sensor data containing coherent spatial and temporal structures (i.e., having a
data matrix S with a high degree of structure), a small number of modes can account for the majority
of the fluctuation energy. HBT-EP mode data is highly coherent: the first six BD modes account for
≈ 97% of the total mode energy: 87% in modes k=1 and 2, 7% in modes 3 and 4.
The biorthogonal decomposition is particularly useful for analyzing traveling waves. Consider
the sinusoidal traveling wave
y(x, t) = αcos(ωt− kx) = α[cos(ωt)cos(kx) + sin(ωt)sin(kx)] (5.2.3)






2 k = 1, 2;
0 k > 2.













The BD analysis of a traveling wave shows a degeneracy in the spectrum of the spatial values,
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i.e. σ1 = σ2 6= 0. The resulting degenerate modes are then paired to represent the traveling
wave, and can be interpreted as sine and cosine components forming the basis for that wave. In
this particular case the birorthogonal components of y(x,t) are identical to its Fourier components,
however this is not true if several traveling waves are superimposed. In HBT-EP the primary mode
pair (k=1 and 2) usually represents the sine and cosine basis for the 3/1 RWM, while the secondary
mode pair (k=3 and 4) represents the 6/2 RWM.
A distinct advantage of the BD over Fourier analysis is that the Fourier transform generally does
not allow a superposition of traveling waves to be identified unambiguously, however the BD does.
The BD can be interpreted as an expansion of data in an orthonormal basis that is determined by
the data itself, rather than using a pre-determined basis as in the case of Fourier analysis. This
makes the BD robust against slight variations in the calibration of a particular sensor, and if this
plasma is not centered within the poloidal array, which enhances the coupling to some sensors in
the array but reduces the coupling to others.
5.3 Multimode RWM behavior
The Biorthogonal Decomposition allows us to observe the multimode nature of the RWM. In Fig.
5.5 we show the BD analysis of the HBT-EP discharge in Fig. 5.1, analyzed from 2.0-3.5ms. This
plot shows the singular value spectrum and the first 4 spatial mode pairs. The singular values fall off
rapidly, indicating that the first two mode-pairs contain the vast majority of the total RWM fluctuation
energy. The first 2 spatial mode pairs are well resolved by BD analysis: the primary mode pair is
clearly a 3/1, the secondary a 6/2. The tertiary mode pair appears to be a 7/2, however in general
higher order mode pairs are poorly resolved and represent a small fraction of the total RWM energy
(the primary and secondary mode pairs represent 93% of the total mode energy in Fig. 5.1).
The first 4 temporal mode pairs are shown in Figure 5.6, along with their corresponding Fourier
power spectrum, normalized mode amplitude, and mode phase. The most significant result of
looking at the temporal modes is that these figures show that the 6/2 amplitude and phase do not
simply track the 3/1. Indeed, the 6/2 can grow and change phase (and therefore, rotation frequency)
independent of the 3/1. This is a clear indication of non-rigid multimode behavior. If the multimode
spectrum was rigid, the n=2 mode would rotate at twice the frequency of the n=1, and the 6/2
amplitude would grow and abate in unison with the 3/1. Further evidence of non-rigid multimode
behavior is demonstrated in section 7.6.1.
5.3.1 Importance of plasma position & time window in performing BD anal-
ysis.
It is important to consider the major radius of the plasma when performing BD analysis. As the
major radius of the plasma is usually constantly changing throughout the shot, so does the coupling






Figure 5.5: Singular value spectrum and first 4 spatial mode pairs from BD analysis of shot 70246,
analyzed from 2-3.5ms. Modes 1&2 represent 85% of the total mode energy, modes 3&4 8%.
to the high-field side sensors is often small, as experimentally our plasmas are usually outboard
limited. This manifests itself in poor resolution in both the inboard-side HD poloidal array as well as
the entire high-field side toroidal array. The effect is particularly large for high wavelength modes,
whose perturbed flux falls off as r−m [66]. This can be seen clearly in Figure 5.5: PA2p modes
3&4 are much more poorly resolved on the inboard side than the outboard side. Additionally in
HBT-EP the equilibrium plasma tends to sit a few millimeters below the machine midplane, and
consequently the spatial modes appear to be larger at the bottom of the poloidal array than at the
top.
It is extremely important to choose an appropriate time window for BD analysis due to the
change in plasma major radius over a shot. The Biorthogonal Decomposition is most useful
when the plasma equilibrium parameters do not change significantly over the chosen time win-
dow. Changing plasma equilibrium parameters, such as major radius or plasma vertical position,
cannot be represented in a single spatial-temporal mode pair and will influence multiple BD modes
[20]. In other words, the BD modes will not accurately represent the plasma spatial and temporal
modes when the plasma parameters change significantly during the analysis window. Simulations
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Figure 5.6: First four temporal mode pairs of shot 70246
have been conducted to determine the effect of changing major radius on the bd analysis [46]: in
accordance, BD analysis windows in this thesis will have a maximum change in R0 of 1cm over
0.5ms.
Another issue to consider is the minimum and maximum size of the BD analysis window [46].
The BD is a stationary signal analysis technique, therefore having too large a time-window runs the
risk of introducing spurious modes due to MHD activity bursts, large plasma equilibrium parameter
changes, etc. Binning the magnetics data, and applying the BD to the individual bins, however,
is an excellent technique to observe changes in the MHD spatial and temporal structure over a
discharge. The size of the binned time-windows can be chosen somewhat arbitrarily, provided that
it is long enough for the signal to show spatiotemporal coherence. Simulations by Levesque show
that the singular values from the dominant mode are clearly paired and well-separated from noise
if there is at least a half period of data in the time window. For example, to analyze a 5kHz mode,
the minimum BD window size is 100 µsec.
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5.4 Using the Hilbert transform to determine the instantaneous
kink mode rotation frequency & amplitude
5.4.1 Gabor’s Hilbert analysis approach to determining the instantaneous
RWM rotation frequency & amplitude
The RWM does not have a fixed amplitude or rotation frequency, but rotates toroidally around HBT-
EP with a time-varying amplitude and frequency. The RWM therefore creates perturbations that
appear on magnetic diagnostics as a signal
f(t) = a(t)cos(ψ(t)) (5.4.1)
It is clearly desirable to know the instantaneous amplitude a(t) and instantaneous frequency
ψ(t) of the RWM. The problem of extracting a(t) and ψ(t) from f(t) is made more difficult by the
fact that a(t) & ψ(t) are time-varying quantities. f(t) is therefore an example of non-stationary
signal, where the term ”non-stationary” refers to a signal whose spectral characteristics vary with
time. The subject of how to extract a(t) and ϕ(t) from a non-stationary signal is a well-developed
and highly active area of research in signal processing [12] [40] [57].
Standard Fourier analysis is unsuitable to extract a(t) and ψ(t) from f(t) as Fourier analysis has
some crucial restrictions; the data must be linear (i.e. the data must represent linear processes)
and be either stationary or periodic [41]. Our magnetic data signal f(t) is not stationary and is
not constrained to be periodic (although careful analysis on a shot-to-shot basis may show brief
time windows where f(t) appears to be periodic). Fourier analysis is also undesirably sensitive to





s(t)e−i2πftdt, f = R (5.4.2)
where R is the set of real numbers and the data is analyzed over the time window [t1,t2]. From
this formula it is clear that changing the size of the time window alters the results of Fourier analysis,
like it does with the Biorthogonal Decompositon analysis. Binning f(t) into small time windows and
applying the FFT to the individual bins is also unsuitable to analyzing bias probe data, as the time
scales of interest in bias probe acceleration of the plasma are so small (<0.25ms) that Fourier
analysis becomes dubious over such a small time window.
If the quadrature component for 5.4.1 is known, then finding the instantaneous amplitude, phase,
and frequency is simple. The quadrature signal is defined as
g(t) = a(t)sin(ψ(t)) (5.4.3)



















g′f − f ′g
f2 + g2
(5.4.6)
We could potentially find g(t) with a quadrature sensor, however, the Gabor approach of deter-
mining the quadrature signal is far easier in practice. In Gabor’s approach, the quadrature signal is
simply approximated as the Hilbert transform of the original signal.
g(t) ≈ H (f(t)) (5.4.7)










t− τ dτ (5.4.8)
This process of obtaining the quadrature signal using the Hilbert transform is called quadrature
detection [5]. To compute the instantaneous amplitude and frequency it is often convenient to use
the Hilbert transform to approximate the analytic function s(t)
s(t) = f(t) + ig(t) = a(t)eiψ(t) ≈ f(t) + iH(f(t)) (5.4.9)
and then compute f(t) and g(t) as needed with Re[s(t)] = f(t) and Im[s(t)] = g(t).
5.4.2 Accuracy of using Gabor’s approach to determine the instantaneous
RWM rotation frequency & amplitude
The accuracy of Gabor’s approach comes from Bedrosians theorem (see Appendix 10.1); which
states that the Hilbert transform of the product of a low-pass and a high-pass signal with non-
overlapping spectra is given by the product of the low-pass signal and the Hilbert transform of the
high-pass signal.
H(fLP (t) ∗ fHP (t)) = fLP (t)H(fHP (t)) (5.4.10)
Therefore, for a signal f(t) = a(t)cosϕ(t), where a(t) can be treated as a low-frequency signal
and ϕ(t) as a high-frequency signal
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a(t)cosϕ(t) + jH[a(t)cosϕ(t)] = a(t)cosϕ(t) + ja(t)H[cosϕ(t)] (5.4.11)
= a(t)cosϕ(t) + ja(t)sinϕ(t) (5.4.12)
= a(t)ejϕ(t) (5.4.13)
and therefore, g(t) = H(f(t)).
In HBT-EP the frequency modulation of a magnetic sensor’s signal amplitude a(t) << the fre-
quency modulation of the magnetic sensor’s signal frequency, ϕ(t), proving the validity of using the
Gabor approach to study the instantaneous frequency of HBT-EP magnetic signals.
Figure 5.7 demonstrates the effectiveness of using the Hilbert transform to determine the in-
stantaneous amplitude and frequency of a signal. The test signal here is a sine wave with a linearly
growing amplitude and an abrupt change of frequency (30 kHz → 40kHz @2.75ms). The Hilbert
analysis does an excellent job of picking up both the amplitude & frequency changes in the test
signal.
Figure 5.7: Using the Hilbert transform to determine instantaneous mode amplitude/frequency.
Red: Exact amplitude/frequency of test data. Black: amplitude/frequency as determined by Hilbert
analysis of the signal data.
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Chapter 6
Detecting Plasma Response to
External Magnetic Perturbations
6.1 Discharge programming
A key objective of this HBT-EP research is to study the (m,n)=(3,1) resistive wall mode, and there-
fore we pre-program the HBT-EP plasma discharges to have strong and easily analyzed (3,1)
RWM’s. We pre-program the HBT-EP plasma discharges by adjusting the (VF, OH, and TF) ca-
pacitor bank voltages and the gas quantity injected into the tokamak before plasma breakdown.
In order to excite strong, easily analyzed (3,1) RWMs in our discharges, we program the plasma
parameters to obey the following goals.
1. The plasma current Ip must have a rapid start and a large current ramp. The rapid start
breaks down the plasma quickly (a necessity given our short 5-10ms plasma lifetimes) and a
strong current ramp is destabilizing to the external kink modes that we wish to study.
2. The edge q is to start at about 3.5, slowly ramp down through q=3, and then flatten out just
below q=3. This is to put the edge q into the destabilizing region for the (3,1) RWM (fig. 2.3).
This q-evolution style is colloquially called the “Hanson-style” shot [36]. Alternatively, we could
employ a shot where the edge q approaches 3 from below; this is colloquially referred to as a
“Shilov-style” shot [63]. All plasma discharges in this thesis are Hanson-style shots.
3. The major radius is to stay as constant as possible. A constant major radius is a necessity
for accurate BD analysis, and having a major radius of 90.3-92cm is desired to achieve the
largest possible plasma minor radius of 15cm (due to the placement of the limiters). In practice
achieving a truly stationary major radius is not feasible: we therefore try to limit the temporal
evolution of R0 to a maximum of 1cm over 0.5ms.
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4. We attempt to obtain as low a loop voltage as possible, preferably under 10V. A lower loop
voltage is associated with a hotter, higher Ip plasma with fewer impurities.
Typical HBT-EP plasma parameters are shown in fig. 6.1. In practice our plasmas are usually
outboard-limited, and the major radius decreases at an average rate of 0.5cm/msec (below the
maximum 1cm/0.5ms limit for accurate BD analysis). The major radius is plotted in fig. 6.1 shows
two dotted lines at 92cm and 90.3cm: the plasma obtains its maximum minor radius a=15cm for
major radii between these values, as the plasma is limited by the top & bottom limiters for 90.3cm
<R0< 92cm. For R0> 92cm (outboard limited) or R0< 92cm (inboard limited), a< 15cm. The q=3
crossing of the edge q occurs at 2msec by design, in order to excite the (3,1) RWM at a convenient
point for data analysis and external magnetic perturbation experiments.
Figure 6.1: Target HBT-EP shot parameters
6.2 Phase-Flip Resonant Magnetic Perturbation (RMPs)
A ”phase-flip” resonant magnetic perturbation is a non-rotating magnetic perturbation applied to the
plasma surface by the control coils that suddently changes in phase by 180◦ halfway through the
perturbation. A sample control coil current used to apply an RMP to the plasma is shown in fig.
6.2. The standard HBT-EP phase flip turns on at 2msec, flips phase at 2.5msec, and terminates
at 3msec. All phase-flip experiments done in this thesis exclusively use this phase-flip profile. The
phase-flip control coil current waveform (Icoil) is shown in fig. 6.2.
HBT-EP possess control coils at 4 outboard poloidal and 10 toroidal locations, allowing an
(m=1,2,..5; n=1,2) perturbation to be applied to the plasma surface. (m,n)=(5,2) is the highest
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Figure 6.2: Time evolution of the control coil current used to apply a phase-flip RMP to the plasma
applicable RMP helicity due to the Nyquist criterion. Typically the coils are used to apply a static
(m,n)=(3,1) perturbation to the plasma surface. Figure 6.3 shows a counter map of the control coil
polarities when a static (m,n)=(3,1) RMP is applied to the plasma.
Figure 6.3: Contour map of control coil polarities for a 3/1 phase-flip. The blue squares represent ~B
fields oriented radially outwards, while the red squares represent ~B fields directed radially inwards.
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6.3 Detection of the Plasma Response to RMPs
The plasma response to a RMP is detected by the integrated Bp sensors, which show both the
initial and phase flipped phases of the RMP distinctly (fig. 6.4). Because we are using an n=1
perturbation, we measure a 180◦Bp phase shift in magnetic pickup at opposite ends of the machine.
Figure 6.4: Integrated Bp sensor signals, taken by 2 sensors separated 180
◦ toroidally. The top plot
has no RMP. In the bottom plot the RMP turns on at 2ms, phase flips at 2.5, and terminates at 3.
To compute the RMP response, we must subtract the baseline off of the integrated magnetic
signal to obtain the magnetic fluctuations due to the RMP. Unlike the passive MHD case we cannot
simply use a boxcar moving average filter to calculate the baseline as this would subtract off the
effects of the RMP. To obtain the RMP response we apply the boxcar filter to the regions before
and after the RMP, and interpolate a polynomial fit to the RMP region (fig. 6.5). The boxcar filter is
applied to the regions 1.5-2ms and 3-4.5msec, with the interpolated region from 2-3ms.
Polynomial subtraction results in the magnetic signal contour plots shown in fig. 6.6. This
raw data contour plot gives an excellent visual guide of the plasma response to the RMP. All 3
sensor arrays pick up significantly larger magnetic fluctuations during the RMP as is shown by the
color guide, exactly what we would expect from plasma amplification of the RMP. After obtaining
the magnetic sensor fluctuations, we can then proceed to analyze them using BD analysis or the
methods shown in the following sections, such as correlation parameter analyis and phase analysis.
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Figure 6.5: Using polynomial fitting to subtract RMP fluctuations from the sensor baseline (top plot).
The moving average “boxcar” filter is used for no-RMP shots (bottom plot).
Figure 6.6: Bp and Br plasma response to a (m,n)=(3,1) phase flip RMP
6.4 Rotating plasma response to external RMPs
Rotation increases plasma stability to external error fields through two distinct effects
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• A plasma that is rotating past a magnetic perturbation requires a different amount of energy
to perturb than a non rotating plasma [9].
• A rotating plasma tends to drag perturbations with it. If the perturbation rotates rapidly com-
pared to the resistive time constant of the wall, the perturbation cannot penetrate the wall, so
the wall looks like the perfect conductor [9].
A marginally stable plasma can amplify a resonant magnetic perturbation (RMP) that is applied
to it through external feedback coils, this effect is referred to as Resonant Field Amplification, or
RFA. The magnitude of the RFA response depends on both the plasma energy and torque coef-
ficients su and αu, the physics of the RFA is described in [10]. In general the more unstable and
slowly rotating a plasma, the larger the RFA response of the plasma will be to an external RMP.
The evolution of the plasma rotation in the presence of a static error field, taking into account
the nonlinear effect of the mode on the plasma rotation, can be described by [22].
dΩϕ
dt
+ ν∗(Ωϕ − Ω(0)ϕ ) = −ν∗Ωϕ|Ψa|2 (6.4.1)
The dynamic variables here are the plasma flux Ψa, and the plasma rotation Ωϕ. The parameters
ν∗ and Ω
(0)
ϕ specify the strength of the plasma dissipation and the unperturbed plasma rotation
respectively.
In HBT-EP applying a (m,n)=(3,1) RMP to the plasma results in a significant plasma response
that appears to be locked to the RMP, regardless of the initial RWM rotation frequency. Most
commonly the 3/1 plasma response seems to lock to the initial phase of the applied field, and then
re-lock as the applied field phase flips by 180◦ (fig 6.7b) although occasionally the kink locks to the
initial phase without re-locking after the phase flip (fig 6.7a)
Looking at fig 6.7b we see a 3G 3/1 RMP applied to a plasma containing a pre-existing 3/1
RWM, in this case a 3/1 RWM that has been accelerated in the naturally rotating direction by the
bias probe. Unlike the apparently locked 3/1 RWM in 6.7a, in 6.7b the plasma response during the
RMP appears to be a superposition of a strong 3/1 RWM locked to the 3/1 RMP and a weaker 3/1
RWM rotating at the pre-RMP rotation frequency. This is especially apparent between 2.3-2.6ms,
as is seen in the significant oscillations in the RWM phase. Previous HBT-EP experiments have
shown that the total perturbed field can be described as a superposition of the pre-existing rotating
kink with the externally driven response, a good treatment of this subject is given in chapter 6.4 of
[66]. For large Ic’s the external response dominates, and the perturbed field appears to be locked
to the RMP (as in fig 6.5). For small Ic’s the naturally rotating kink dominates, and the perturbed
field appears to be follow the frequency of the rotating mode during the RMP.
6.4.1 Static Response of the Plasma to RMPs
RMP static response by the plasma can be quantified by finding the time-averaged resonant re-
sponse. For a given magnetic sensor i, the static plasma response is given by the correlation
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(a) (-3,1) phase-flip RMP applied to slowed mode (b) (-3,1) phase-flip RMP applied to accelerated mode
Figure 6.7: Plasma response to a static (non-rotating) 3/1 RMP, applied to a bias-slowed (a) and
bias-accelerated (b) plasma.












where δBi(t) is the perturbed magnetic field at the i
th sensor, and Ic(t) is the phase-flip wave-
form shown in fig 6.5. Since the current flowing through any given control coil depends on its
location (Icontrolcoil(t) = I0(t) ∗Cos[mθ+ nϕ]), Ic(t) in equation 6.4.2 Ic(t) is taken to be I0(t), and
does not depend on the choice of the sensor index i.
A major benefit of the correlation parameter approach is that it allows us to represent the static
plasma response picked up by the ith sensor by a single number Ci. Ci is a time-independent
number with units of Gauss and is insensitive to noise not strongly correlated with Ic(t) or a steady-
state δB (since
∫
Ic(t) = 0). Ic(t) can be positive or negative depending on the phasing between
Ic(t) and δBi(t). It is important to note that the correlation parameter does not depend on the
amplitude of control current Ic, allowing the plasma response from different shots with different Ic’s
to be compared directly against each other.
It is useful to compare the mode structure of the naturally rotating RWM to the RMP driven
plasma response. The mode structure of the naturally rotating RWM can be obtained by the BD
procedure as was described in the previous chapter. A clear and strong rotating 3/1 and 6/2 pair
was observed in shot 69094, we therefore use shot 69094’s BD basis as an orthonormal basis to
compare against an RMP driven plasma response. If the RMP plasma response is dominated by
a single helicity, then the mode structure of the RMP plasma response can be seen by plotting the
sensor correlation parameters as a function of toroidal angle (giving n) or poloidal angle (giving
m). It should be noted that the correlation parameters include the full multimode response of the
plasma to the RMP, however we expect the plasma response to be dominated by the same helicity
as the RMP. In other words if we apply a 3/1 RMP, we expect a primarily 3/1 response, with perhaps
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some weak multimode response from higher order modes like the 6/2.
Fig 6.8 shows a sample comparison between an RMP shot (69050) and a non-RMP shot
(69094), for the toroidal direction. The blue diamonds show the correlation parameter measure-
ments from the 40 feedback Bp sensors, separated into the 4 toroidal FB sensor groups. The red
curve shows the 3/1 component of the BD spatial mode basis of shot 69094. This 3/1 component
corresponds to the 1st two singular values of 69094’s BD. The measured correlation parameters
and the BD basis fit are in excellent agreement, despite having been computed in completely differ-
ent manners and for different shots. This excellent agreement between the correlation parameters
and the 3/1 component of shot 69094 shows that the mode structure of the RWM response in
shot 69050 is almost completely 3/1. This justifies the use of a single-helicity model of kink mode
dynamics for 3/1 RMP experiments.
Figure 6.8: Correlation parameter values for the 4 feedback Bp sensor groups. The ”BD Basis Fit”
refers to the BD basis obtained from shot 69094: only the 3/1 BD component is included in the BD
Basis Fit as we expect the plasma response to be dominatingly 3/1.
Due to the advantages of using the BD69094 basis to determine the global mode structure
of the plasma response, the BD69094 basis is used throughout this thesis to fit and quantify the
amplitude of the plasma phase-flip response. Only RMP shots that show good global agreement
with the BD69094 basis are included in this thesis. The BD69094 basis also includes the 6/2 mode
pair (corresponding to the 2nd and 3rd singular values) for the measurement of multimode effects.
Some final notes on using the correlation parameter to characterize the amplitude response of
the plasma to RMPs
• Correlation analysis in general tends to underestimate the correlated values; this effect could
potentially arise here due to phase delays between Ic and the plasma response.
• The response in one half of the phase flip could be larger than the other half, resulting in a
dynamical plasma response to the RMP. If the dynamical response of the plasma to the phase
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flip is to be studied we must keep the full spatio-temporal data and cannot use the correlation
parameter.
• At low Ic values, the Ci values can become overestimated. This is due to radial ~B fields
from the plasma creating currents in the control coils that overpower the weak audio amplifier
output and create Ic values that are largely in phase with the plasma response, blowing up
the numerator in equation 6.4.2. This overestimation effect can be avoided by measuring Ic(t)
from an equivalent background shot and using that in the analysis instead of the Ic(t) from
the plasma shot. This overestimation effect is most noticeable when the crown amps are left
on but are not triggered; we expect Ci = 0 ∀i for such shots, but the eddy driven current in
the control coils result in large and inaccurate correlation parameters. The Crown amplifiers
must be completely turned off to run Ic = 0 experiments.
• This analysis can be used for phase flips of different time-durations, as is seen by the lack of
integration limits in 6.4.2.
6.4.2 Phase Response of the Plasma to RMPs
The phase of the plasma response to an RMP can be easily seen by comparing the plasma RMP
response to a vacuum shot’s RMP response. In fig 6.9 we look at the differences in the phase and
amplitude of the (m,n)=(3,1) BD component of Ic, Br, and Bp between a normally rotating (≈ 7kHz)
and a bias-slowed (≈ 2 − 3kHz) plasma shot with RMP, and also a vacuum shot with RMP. We
measure Br and Bp with the feedback sensors due to their much larger ~B pickup compared to the
HD sensors. Ic is measured by the current shunts. A “vacuum shot” here refers to a shot that has
only the control coils firing, we do not also fire the capacitor banks (such as the OH, the VF, and
the TF).
We expect a small phase delay between Br (slowed & normally rotating plasma shots) and Br
(CC’s only) due to eddy currents from the conducting shell, as the feedback sensors are mounted
directly on the shell. Due to the small shell thickness, we expect negligible eddy current effects on
the Bp measurements. The 3/1 Br phase shows a slight delay compared to the Ic phase, again
probably due to the plasma Br driving eddy currents in the shells.
The 3/1 Br and Bp amplitudes show large plasma amplification of the RMP, especially for Bp.
The loss of rotational stability significantly increases the response of the slowly rotating plasma to
the RMP compared to the normally rotating plasma.
The 3/1 Ic phase is of course in phase with itself, and so is 0
◦ from 2-2.5msec and 180◦ from
2.5-3msec. The 3/1 Br field pickup in the vacuum case comes from the fringing fields of the 2
adjacent control coils (the CC’s on the same shell where the sensor is mounted, and also the CC’s
on the shell mounted to the left of the sensor’s shell), so Br(CC only) is 180
◦ out of phase with Ic.
Br(normally rotating & slowly rotating plasma shots) is about 240
◦ out of phase with Br(CC’s
only). The Bp phase of the normally rotating plasma does not lock during the first half of the RMP,
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Figure 6.9: Ic, Bp and Br amplitude and phase response to a 3/1 phase flip RMP. Shot 72758
(Green) is a bias probe slowed plasma (≈ 2-3 kHz), while Shot 71125 (Black) is a normally rotating
plasma (≈ 7kHz). Only the control coils (no capacitor banks) were activated for the CC-only shot
69056. The Bp amplitude response of the plasma shots is displayed as 1/20
th of the actual value
to facilitate comparison with the CC-only Bp response.
and locks to about 100 ◦ out of phase with Bp(CC only) during the second half of the phase flip.
Bp(slowed rotation) is approximately 50
◦ out of phase with Bp(CC only) during the first half of the
phase flip, and 100◦ during the second half of the phase flip.
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Chapter 7
Bias Probe Results without RMP
7.1 Bias Probe in-plasma performance
The bias probe is a large surface-area molybdenum probe that is inserted into the HBT-EP plasma
edge and biased to stimulate toroidal plasma rotation. We therefore expect the bias probe’s I-V
characteristics (see fig 7.1) to follow the I-V curve that a similarly sized Langmuir probe would have
in the same plasma. It is important to know that a Langmuir probe in a strongly magnetized plasma
(like the HBT-EP plasma edge) shows a marked deviation in its I-V characteristics compared to
the classic field-free Langmuir I-V profile [56] [59]. While the ion saturation region is thought to be
reasonably well understood, the same is not true of the electron collection region, where the net
current is observed to be much less than that obtained in a nonmagnetized plasma. Indeed, the
ratio I+sat / I
−
sat in a highly magnetized plasma is often observed to be only ∼10% of the ratio in the




(mi/me)) [56]. For a deuterium plasma
√
(mi/me) = 60.57,
however for the bias probe the ratio I+sat / I
−
sat is only ≈5.
As a consequence of the departure from ideal behavior above the floating potential, the rec-
ommended procedure for using Langmuir probes in strong magnetic fields is to ignore the region
Φplasma ≥ Φfloat, although using only data for Φprobe ≤ Φfloat has been associated with an exper-
imental error of 15-20% in obtaining Te by Pitts and Strangeby [56]. Applying magnetic field-free
Langmuir probe analysis to the Φprobe ≤ Φfloat data shown in 7.1 [53], we obtain a value of Te =
63.75eV and ne = 4.27 ∗ 1018m−3 (see Appendix 10.2).
The torque on the plasma from the bias probe is proportional to ~j× ~Bp, therefore the bias probe
torques the plasma most strongly when it is biased into the electron saturation regime. Positive
bias creates a toroidal ~J × ~B torque directed toroidally counter-clockwise as viewed from the top
of the machine (fig 4.1), forcing the ions and the plasma mode to accelerate counter-clockwise.
(figs 7.3 and 7.4). Since the torque on the plasma from the bias probe is proportional to ~j × ~Bp,
we can gain insight as to the torque necessary to spin the HBT-EP plasma by plotting the RWM
rotation frequency vs. (Ibias ∗ Bp). This is shown in figure 7.2. Figure 7.2 also gives an estimate
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of the viscous damping time of the plasma for each datapoint as given by equation 4.3.7. Here
Ω0 ≈7kHz, Imom = 1.17 ∗ 10−8kg ∗m2, and τ = k ∗ Iprobe where k=0.6 Nm/A.
Figure 7.1: Bias Probe I-V Characteristics. At bias probe voltages greater than 150V the probe
torques the RWM sufficiently for it to rotate rapidly in the direction opposite the natural RWM rotation
direction. (See fig. 7.2)
(a) Mode rotation v. Torque Parameter (Ibias*Bpoloidal).
The dataset is the same as that used in figure 7.1.
(b) Estimate of the viscous damping time τvis of the
plasma, computed using τvis = (Ω−Ω0)∗Imom/τ . Ω is
the rotation frequency of the plasma, Ω0 the unperturbed
rotation frequency, Imom the plasma moment of inertia,




7.2 Effect of edge biasing on plasma ion rotation
The spectroscopic rotation diagnostic was used to observe the effect of the bias probe on the
toroidal ion rotation velocity in HBT-EP. This experiments were done pre-upgrade, and were done
on mixed-gas plasmas composed of 90% D and 10% (as the rotation diagnostic was designed to
observe the Doppler shift in the 4f → 3d He transition line).
Strong edge biasing is shown to accelerate the ions in the positive (+) toroidal direction. The
positive direction is chosen to be counterclockwise as viewed from machine top. In fig. 7.3 strong
edge biasing (+171V activated at 3msec) is seen to result in an ion acceleration of ≈+3 km/sec com-
pared to the ion velocity when the probe is grounded. The biased plasma maintains this +3km/sec
velocity differential until plasma termination: this is consistent with the fact that the bias probe, once
activated to a set voltage, remains at that set voltage until plasma termination. The magnitude of
the plasma ion acceleration is linear with the applied edge voltage.
Figure 7.3: Bias Probe effect on He-impurity ion rotation in a deuterium plasma, as seen by the
rotation diagnostic. The vertical dashed green line indicates the bias probe activation at 3ms: once
activated, the bias probe remains at the set voltage until plasma termination. The positive direction
of toroidal ion velocity is taken to be counter-clockwise as viewed from the top of the machine, see
fig. 3.6 for the rotation diagnostic viewing angle.
7.3 Effect of edge biasing on (3,1) RWM rotation
7.3.1 What direction does the (3/1) RWM rotate?
The direction of the RWM rotation in HBT-EP can be seen by looking at a contour plot of the
magnetic sensor fluctuations vs. time, these plots are usually referred to by the nickname “stripy
plots.” Biorthogonal decomposition of the magnetic sensor fluctuations shows that the 3/1 RWM
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represents about 85% of the total RWM multimode spectrum energy; accordingly the stripy plots
are dominated by 3/1 activity and show a rotating 3/1 RWM (fig 7.4).
Figure 7.4 shows stripy plots obtained from the high-density toroidal array and high-density
poloidal array #2 for naturally rotating and counter-rotating modes. “Naturally rotating” means that
the bias probe has not been used to influence the mode rotation, while “Counter-rotating” modes
occur when the bias probe has been used to drive the 3/1 mode to rotate rapidly in the direction
opposite to its natural rotation direction. The stripy plots can be used to visually determine the
direction of mode rotation: if the stripes propagate towards positive angles the mode is rotating
counter-clockwise, while stripes that propagate towards negative angles indicate a mode that is
rotating clockwise. The toroidal rotation direction of the mode can be therefore be obtained from
the toroidal sensor array, and the poloidal rotation direction from a poloidal sensor array. Looking
at figure 7.4 we see that the plasma naturally rotates toroidally clockwise and poloidally counter-
clockwise. Counter-rotating modes rotate clockwise poloidally and counter-clockwise toroidally.
Figure 7.4: Mode rotation direction in HBT-EP.
7.3.2 Changing the (3,1) RWM rotation with the bias probe
Due to the ~j × ~Bp torque the bias probe is capable of altering the 3/1 RWM rotation from its natural
rotation frequency of ≈+7 kHz to the range of ≈ (−60,+25) kHz with the currently available probe
voltage supplies.
In this thesis we examine four different RWM rotation regimes.
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• Naturally rotating modes; the bias probe is either absent entirely or is inserted into the plasma
but disconnected from its power supply (i.e electrically floating).
• Slowed modes: Positive bias results in RWM counter-rotation, therefore a small positive po-
tential (≈+50V) is placed on the bp to slow the RWM rotation to near 0kHz.
• Positively accelerated modes: Negative bias results in the acceleration to the RWM in the
“natural” rotation direction. These shots were done exclusively with the crown amp power
supply, which unlike the bias capacitor bank was capable of both placing a + and a - potential
on the bp.
• Counter-Accelerated modes: Strong positive bias forces rapid RWM rotation in the direction
opposite to the natural rotation direction. These shots were done exclusively with the bias ca-
pacitor bank due to the current requirements of biasing the probe into the electron saturation
current regime.
The effect of the edge electrode on RWM rotation can be qualitatively seen by looking at the
stripy plots of one of the two high-density poloidal arrays. As described in the previous section, a
positively ramping pitch in the red/green stripes indicates counter-clockwise poloidal mode rotation,
while a negatively ramping pitch indicates clockwise poloidal mode rotation. The steepness of the
pitch gives a visual guide as to the instantaneous rotation frequency of the RWM: the more highly
pitched the stripes are, the faster the mode is rotating.
7.3.3 Naturally rotating RWM’s
The naturally rotating RWM’s rotate in the positive direction at ≈+7-9 kHz, defining the visual base-
line at which other stripy plots are compared to. The stripy plots for naturally rotating modes are
similar for cases where the bias probe is inserted but floating, or the bias probe is completely
removed from the plasma.
7.3.4 Positively accelerated RWM’s
The accelerated modes in 70092 are achieved by biasing the bp to -100V from 2-3ms, into the
ion saturation regime of the probe (see figure 7.2). The mode is accelerated to ≈27kHz from 2.3-
2.85ms. After the bias is terminated @3msec, the RWM velocity falls to ≈ 10kHz rapidly (within
0.2ms) and stays near this frequency from 3.0-3.5 ms.
7.3.5 Counter-accelerated RWM’s
The rapidly rotating counter-accelerated modes are achieved by strongly driving the bp into electron
saturation regime (≈+300V, 50A). Driving the bp into the electron saturation regime achieves the
most torque on the plasma possible by the probe: Jr drawn from the probe is maximized in the
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Figure 7.5: Poloidal array #2 Bp sensor stripy plots of the RWM in four different rotation regimes;
naturally rotating, positively accelerated, counter-rotating, and slowed. The RWM rotation fre-
quency can be seen qualitatively from the pitch of the stripes: the steeper the pitch the higher
the mode rotation frequency. Naturally rotating & accelerated modes rotate poloidally counter-
clockwise, while the counter-rotating modes rotate poloidally clockwise. The bias probe was acti-
vated @2ms in all cases except for the naturally rotating mode, when the bias probe was absent
entirely from the plasma.
electron saturation regime, and the bias torque placed on the plasma is proportional to ~Jr × ~Bp.
When the probe activates the RWM rotation rapidly jumps to ≈-50kHz, and stays relatively constant
until 3.5ms. The strongest mode rotation yet observed in HBT-EP occurs when the edge electrode
is biased strongly into the electron saturation regime, resulting in rapid RWM counter-rotation. This
is demonstrated in fig 7.7. RWM acceleration due to the bias probe is rapid: Hilbert transform
analysis of the instantaneous rotation frequency shows an acceleration from +7kHz to -50kHz in
0.25msec, approximately the same timescale as the electrode voltage jump. The RWM spinup
therefore matches well with theoretical expectations of the plasma flow spinup: modeling the spin-
up of the plasma due to a bias probe shows that, in the assumption that the electric field is applied
quickly to the plasma, the ~E × ~B and compensating Pfirsch-Schlüter like flows grow on the same
time scale as the electrode voltage [33]. The RWM velocity stays relatively constant until ≈3.5
msec, and then begins to slow down in conjunction with the collapse of the major radius, see fig
7.9.
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Figure 7.6: Poloidal array #2 Br sensor stripy plots of the RWM, for the same data as depicted in
fig. 7.5. Due to the significantly lower pickup of the Br sensors compared to the Bp sensors (Bp is
typically 4-10 times higher than Br) the Br stripy plots are less well resolved than the Bp plots.
7.3.6 Slowed RWM’s
Slowed modes are achieved by biasing the bp modestly positive, so that the RWM rotation ap-
proaches 0 without being driven to negative frequencies as is the case with the counter-accelerated
modes. Here the bp is driven to ≈(+100V,40A), slowing down the mode rotation to ≈3kHz. The
RWM remains slowly rotating until disruption. The bp capability of studying low-rotation RWM’s in
HBT-EP is one of the most interesting uses of the bp. A RWM in the presence of a conducing wall
will be rotationally stabilized if the RWM rotates quickly enough to prevent radial ~B perturbations
to the surface from penetrating the wall. For non-rotating (locked) RWM’s, these external ~B pertur-
bations will grow on the order of the wall time. Stabilizing low-rotation RWM’s is critical in ITER as
the present benchmark scenario relies on an ohmic startup with a low anticipated toroidal rotation
rate of (∼0.5 kHz). An example of using the bp to slow down the RWM is shown in figure 7.8. The
noise from 1.5-2ms is due to the fact that the sensor fluctuation amplitude (the total sensor signal
minus the boxcar-averaged equilibrium signal) is close to 0 in this time domain. This is a typical side
effect of the bp; the physical presence of the bp tends to decrease the observed mode activity. At
≈2.05ms the bp activates; the relatively flat pitch of the stripy plots gives a visual guide to the slow
RWM rotation, and BD/Hilbert analysis reveals that the rotation frequency of the RWM is ≈3kHz.
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Figure 7.7: Bias probe activated to +300V @2msec, forcing rapid counter-rotation of the (3,1) RWM
as well as a slight bump in the major radius. The 3/1 mode is accelerated to -50kHz from +7kHz
in ≈0.25ms and and remains counter-rotating until the disruption onset at ≈ 4msec. The probe
current bump at 4ms is likely due to an arc between the probe and the grounded limiters of the
neighboring toroidal section.
Figure 7.8: Bias probe activated to ≈+95V @2msec, forcing slow rotation (≈ 3kHz) of the RWM.
The noise from 1.5-2ms is due to low signal levels.
67
7.4 Instantaneous RWM rotation frequencies
The instantaneous RWM rotation frequency can be determined by applying the Hilbert trans-
form to a magnetic sensor’s fluctuations to determine the temporal evolution of the RWM ampli-
tude/frequency. The results are illustrated in figure 7.9 for slowed, normally rotating, positively
accelerated, and counter-accelerated modes. In this plot the bias probe activates @2msec for
all cases. Here the slowed and rapidly counter-rotating mode shots disrupt at 4msec, while the





Figure 7.9: Time evolution of RWM rotation for biased & unbiased shots. black:naturally rotating
modes, red: modes accelerated in natural direction, blue: rapidly counter-rotating modes, green:
slowed modes. These plots are obtained from Hilbert analysis applied to a single sensor, specifi-
cally the outboard midplane sensor of poloidal array #2.
7.5 How does rotation affect RWM amplitude & amplitude sat-
uration?
Fig 7.10 plots the RWM amplitude (as seen by a outer midplane HD sensor) as a function of
RWM rotation frequency. In this figure the mode amplitude and rotation frequency are averaged
from t=2.25-3.25ms, with the bias probe activating at 1.5ms. This time window was chosen as
it gives the plasma adequate time (1ms) to respond to the bias probe torque while keeping the
analyzed region sufficiently brief to ensure cross-compatibility across all analyzed shots. The RWM
amplitude is statistically shown to diminish with increasing mode rotation; averaged RWM amplitude
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decreases from 1.8G to 1.3G from 7kHz (natural rotation) to 25kHz (mode accelerated strongly in
natural direction). The experimental data is fitted with k*abs(Aa), where Aa is the normalized static
external kink response measured at the plasma surface [49], and k ≈ 12 scales the theoretical curve





−s̄+ iᾱ − 1 (7.5.1)
The values of the Fitzpatrick-Aydemir model parameters c, s̄, and ᾱ are given in table 2.2. Here c
is the plasma-wall coupling parameter, s̄ the Boozer stability parameter, and ᾱ the Boozer torque
parameter.
Mode
Figure 7.10: Total mode amplitude vs. Rotation frequency. The total mode amplitude and mode
rotation frequency are obtained by averaging amplitude & frequency data from the instantaneous
Hilbert transform. Only positively rotating (i.e., no counter-rotating) shots were used in this plot.
The experimental data is fitted with the static external kink response expected from F-A theory (Aa,
blue curve)
7.6 Multimode effects of Edge Biasing
The 3/1 RWM is the primary MHD instability in HBT-EP, representing about 85% of the total mode
energy in normally rotating plasmas. The remaining 15% of the mode energy is contained in other
helicities such as the 5/2, 6/2 ect. (fig 7.12). These spatial modes can be seen from the BD
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analysis of the high-density poloidal array sensor data (Fig 7.11). Looking at a wide variety of shots
shows us that this appropriation of the total mode energy is very consistent across a wide range
of mode rotation frequencies. (fig 7.12). (The 3/1 RWM represents about 85% of the total mode
energy, the 5/2 or 6/2 about 8%, and the remaining 7% in higher order modes). The relative energy






σ2k, where i = 0&1 for the dominant 3/1 mode, i = 2&3 for
the secondary 5/2 or 6/2 mode, ect.
Figure 7.11: Multimode spatial structure. PA2P spatial modes 1&2 show a 3/1 structure, while
spatial modes 3&4 show a 5/2 or possibly a 6/2.
7.6.1 Is the Multimode RWM structure rigid under rotation?
The term “RWM mode rigidity” refers to the rigidity of the RWM structure to external perturbations
to the plasma. This term has a wide variety of definitions, of which typically one of the following is
used.
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Figure 7.12: The (m,n)=(3,1) mode represents about 85% of the total multimode energy in HBT-EP,
and the (m,n)=(6,2) mode 8%. The mode power percentages are obtained from the squares of the






σ2k, where i = 0 &1 for the (m,n) = (3,1) mode and i=2 &3 for the
(m,n) = (6,2) mode). The mode rotation was obtained with the Hilbert transform.
• Mode “rigidity” assumes that local suppression/excitation of the RWM leads to global sup-
pression/excitation of the RWM.
• Mode “rigidity” assumes no change in the observed RWM shape due to external perturbations
(magnetic feedback, rotation etc). “Non-rigidity” here refers to the fact that the mode has a
non-rigid structure as applied fields and/or rotational torque deform the shape of the plasma
surface.
• In a plasma with multiple independent modes present, indicated by having independent growth
or rotation rates, the individual modes grow & rotate together for “rigid” plasmas. I.e., an ob-
served 3/1 mode speeding up with a simultaneous 6/2 mode slowing down is a clear indication
of non-rigid behavior. An alternative example of mode rigidity is that for a rigid RWM structure,
suppression of the most unstable toroidal mode number (n=1) would not destabilize a mode
with higher n-numbers.
HBT-EP plasmas clearly display non-rigid behavior by the third definition above, as is seen in
figure 7.13. 6/2 amplitude and phase changes often do not follow that of the 3/1, indicating non-
rigid mode behavior. In figure 7.13 the 6/2 mode appears to modulate the 3/1 mode amplitude from
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4.4-4.6ms. Additional proof of non-rigidity can be seen in that the 6/2 accelerates independently of
the 3/1 from 4.4-4.6ms.
Figure 7.13: Demonstration of non-rigid multimode RWM behavior in a bias probe slowed plasma,
mode rotation rate ≈ 4 kHz.
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Chapter 8
Bias Probe Results With RMP
8.1 Static phase flip experiments on biased plasmas
8.1.1 Bias Current Scan
RWM theoretical models generally predict increased plasma response at lower rotation speeds,
due to plasma rotation having a stabilizing effect on the RWM (fig. 8.1 & section 2.5.2). The HBT-
EP plasma therefore is expected to be most unstable, and have the highest plasma response to
external magnetic perturbations, when the RWM is locked to the wall (rotation frequency = 0 kHz).
A positive bias probe current accelerates the RWM in the direction counter to its natural rotation,
while negative bias probe currents accelerate the RWM in its natural rotation direction. A bias probe
Figure 8.1: Measurements of static-field resonant field amplification, Aa, as a function of stability
parameter s̄. The observed amplification implies a large torque parameter, ᾱ ∼ 1, associated with
high dissipation [63].
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current of ≈ +40A is sufficient to bring the mode rotation near 0kHz (see fig 7.8).
The (m,n)=(3,1) plasma response to a 3.3 Gauss, 3/1 RMP as a function of bias probe current
is shown in figure 8.2. The bias current value used here is the averaged bias probe current from 2-
3ms (the duration of the RMP pulse). At near 0kHz rotation, the plasma response is approximately
a factor of ≈2.7 larger then when the plasma is rotating naturally at 7-9kHz. The plasma response
to a fixed RMP is approximately linear with the plasma current; and by association linear with the
external bias torque placed on the plasma (fig 7.2).
Figure 8.2: (m,n) =(3,1) plasma response to an applied 3.3 Gauss 3/1 RMP to the plasma sur-
face, as a function of the bias probe current. The vertical dashed lines give the 3/1 RWM rotation
frequency for the appropriate value of the bias current.
8.1.2 RMP amplitude scan
The plasma response as a function of RMP amplitude was measured in a variety of different plasma
mode rotation regimes (slowed, accelerated, naturally rotating with the bias probe retracted, and
naturally rotating with the floating bias probe inserted.) A plot of the 3/1 plasma response to RMPs
of varying strength, in different plasma rotation regimes, is shown in fig 8.3.
When the amplitude of the RMP is scanned, up to three different plasma response regimes are
observed depending on the plasma edge q and the RWM rotation frequency: the linear, saturated,
and disruptive response regimes.
• Linear Response Regime: The plasma response scales linearly with the RMP flux. Present
in the natural, floating, and accelerated cases: difficult to observe in the slowed case when
the plasma edge q was 2.85<q<3.
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• Saturated Response Regime: The plasma response no longer increases with increasing RMP
amplitude. Present in the naturally rotating, slowed, and floating probe rotation regimes (for
example the slowed modes show a saturated response for 0<
B3/1r
Bt
<9 ∗ 10−3. Only observed
when the plasma edge q was close to being resonant with the RMP (q=3); equivalent shots




• Disruptive Response Regime: The RMP is of sufficient strength to cause a major plasma
disruption. Plasma disruption due to large RMPs were seen on all plasmas, although a large
“disruption-regime” plasma response was only observed in the natural and slowed mode ro-
tation case for 2.85<q<3.
Figure 8.3: RMP plasma response amplitude scan for 2.7<qa<2.85 and 2.85<qa<3.0: Orange: 2-3
kHz slowed modes, Blue: 14-15kHz positively accelerated modes, Black: naturally rotating modes
(no bias probe), Green: naturally rotating modes with bias probe inserted.
The phase response of the plasma to the RMP, for different plasma mode rotation regimes, is
plotted in figure 8.4. A noteworthy result is a ≈ 90◦ phase difference between the slowly rotating
and the accelerated mode cases.
The rapidly counter-rotating mode regime (shown in previous chapters) is not included in this
section as plasmas with comparable major r, edge q etc. to the slower-rotating plasmas could not
be achieved when the bias probe was driven strongly positive.
Understanding the linear plasma response to increasing control coil currents displayed for low
values of Ic directly follows from the linearity of the Fitzpatrick-Aydemir equations with respect to
increasing Ic,
d~x
dt = A~x +
~bψc. However, the origin of the saturated plasma response regime is
not immediately apparent as this region does not follow from the F-A equations. The saturated
plasma response regime is perhaps related to the increased penetration of neutrals into the edge
of the plasma; if increasing the RMP amplitude also causes a corresponding rise in plasma-neutral
interactions, it is conceivable that the energy lost in these interactions limits the maximum plasma
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Figure 8.4: Phase of the plasma response to the RMP. The n=1 phase here is the phase taken
between the plasma response and the control coil current Ic. The phase shift of the locked plasma
response is greatly reduced at low rotation frequencies
response and results in the saturated plasma region. Indeed, the Dα spectrometer shows a bump
inDα emission as the RMP increases into the saturated regime. Plasma-neutral interactions arising
from plasma interactions with the wall presents a conceivable reason why the saturated regime only
occurs for 2.85<q<3, as in this q regime the plasma is more susceptible to edge physical distortion
from the RMP [66].
8.2 Multimode RMP results on Rotating Modes
In this section we examine the multimode effects of sideband fields from a 3/1 RMP interacting
with higher order modes. We focus this multimode work on the 6/2 RWM as the 6/2 is the 2nd
most dominant RWM helicity present after the 3/1, and also because as the 6/2 is a higher-order
harmonic of the 3/1 it is logical to assume that 3/1 fields applied to the plasma surface should
stimulate 6/2 activity.
As the bias probe can be used to accelerate the 3/1 mode, it can also be used to accelerate
the higher order modes including the 6/2. Therefore, we can study the effects of 6/2 mode rotation
on the 6/2 plasma mode response to the 3/1 RMP’s presented earlier this chapter. Figure 8.5
shows the 6/2 amplitude and phase response of the plasma to a 3/1 RMP for the slowed and
accelerated mode cases, as well as naturally rotating plasmas both with and without the insertion of
a floating bias probe. Figure 8.5 also plots the ratio between the 6/2 amplitude response and the 3/1
amplitude response to the 3/1 RMP. For comparison, the red diamonds show the magnetic sensor
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sideband pickup without a plasma present; this vacuum pickup behaves as expected, linearly with
the control coil current having a well-defined phase=0. The (6/2) / (3/1) amplitude response ratio is
nearly constant over the 3/1 RMP amplitude scan.
Plasmas in all rotation regimes demonstrate 6/2 amplification compared to the vacuum pickup,
and as expected the 6/2 magnetic pickup is substantially less than that of the 3/1 (by about an
order of magnitude). Bias probe insertion into the plasma seems to increase the 6/2 mode activity at
higher control coil currents, as is seen by comparing the naturally rotating shots with and without the
floating bias probe inserted. Slowing down the plasma 3/1 mode rotation significantly increases the
6/2 amplification of the applied 3/1 perturbation by about a factor of 2 compared to the accelerated
or naturally rotating modes. The 6/2 amplification of the naturally rotating and the accelerated
modes are comparable. The 6/2 response to the 3/1 RMP seems to be linear in all rotation regimes:
the 6/2 saturated and disruptive regimes does not appear to exist. The lack of a disruptive regime
is hardly surprising, since the amplitude of the 6/2 perturbation is quite small, under 0.4G.
As observed in Chapter 7, the multimode structure in HBT-EP is non-rigid, i.e the (3,1) and
the (6,2) behave independently from each other. This means that it may be possible to directly
interact with the (6,2) mode by applying a (6,2) perturbation to the HBT-EP surface, rather than
applying a (3,1) and interacting with the (6,2) indirectly through sideband harmonics. HBT-EP does
not possess the capability of applying (6,2) fields directly to the plasma surface; the control coils are
located at 10 evenly toroidal locations and 4 outboard poloidal locations, but producing a (m,n)=(6,2)
perturbation would require control coils at least 12 evenly spaced toroidal locations and 4 evenly
spaced poloidal locations due to the Nyquist criterion.
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Figure 8.5: 6/2 Plasma Response to a 3/1 RMP in different plasma rotation regimes for varying
control coil current. The 6/2 mode rotation frequencies, as affected by the bias probe, are labeled
in the legend. “With floating bp” indicates that the bp is inserted, but is electrically floating. The red
diamonds represent the vacuum (i.e. no plasma) pickup to the RMP. Note that the amplitude of the
(6/2) / (3/1) vacuum response ratio has been scaled down by a factor of 10.
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Chapter 9
Conclusions and Future Studies
The research in this thesis presents the first systematic study of the effects of plasma ion and
plasma mode rotation on the wall stabilized kink mode in the HBT-EP tokamak, as well as the
capability of utilizing a biased electrode in the plasma edge to torque the plasma and alter the
rotation rate of the plasma ions and the plasma modes. Observations of the plasma ion rotation
frequencies were made possible by the installation of a novel non-invasive spectroscopic rotation
diagnostic, which observed the rotation frequencies of a 10% He impurity in a D plasma. A major
diagnostic and passive wall upgrade in HBT-EP enabled the detailed measurements of the plasma
mode rotation frequencies. In this section, we summarize the significant experimental results from
this thesis and propose future studies.
9.1 Conclusions
The key technical achievements of this thesis are as follows:
• The magnetic mode measurement and magnetic feedback capabilities of HBT-EP have been
greatly extended by designing and installing a new conducting wall, 3 independent sets of
magnetic feedback “control” coils, and 216 magnetic diagnostics strategically placed around
the plasma surface.
• HBT-EP has been installed with a noninvasive rotation diagnostic capable of measuring plasma
ion rotation to ±1 km/sec. The diagnostic resolves the Doppler shift of a He seed impurity
in the D plasma by determining the signal ratio from two photodetectors that view the same
volume of plasma through different interference filters. Both photodetectors view the plasma
through interference filters that have highly linear (99.9%) passbands: one detector views the
plasma through an interference filter whose passband has a positive slope, the other detector
views the plasma through an interference filter whose passband has a negative slope.
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• HBT-EP has been equipped with a biased edge probe capable of adjusting the plasma ion
and plasma mode rotation in the machine by placing a ~j × ~B torque on the plasma. The
bias probe itself is a mushroom-cap shaped molybdenum electrode that is connected to a
voltage supply. The available voltage supplies include a (0,+300)V capacitor bank used for
electron-saturation experiments, and a (-180,+70)V commercial audio amplifier setup allow-
ing ion-saturation experiments. The capacitor bank supply was used for counter-rotating &
slowed RWM experiments, while the audio amplifier setup was used for accelerated RWM
(accelerated in the natural rotation direction) and slowed RWM rotation experiments. The
current drawn by the probe depends upon its operating voltage (see fig 7.1). The capacitor
bank is capable of injecting ≈60A x 250V ∼15kW.
The major physics results of this thesis are as follows:
• The bias probe has been shown to be capable of accelerating both the plasma ion and the
plasma MHD modes. A positive probe bias accelerates the plasma ions and the plasma mode
toroidally in the counter-clockwise direction (figures 7.3 and 7.4). We classify the 3/1 RWM
rotation as falling in four different rotation regimes: Naturally rotating, Accelerated, Counter-
Rotating, and Slowed modes. The naturally rotating rotating RWM rotates at +7-9kHz, the
accelerated RWM at 20-27kHz, the counter-rotating RWM at -(40-50) kHz, and the slowed
RWM at ± 2-4 kHz.
• The total RWM amplitude has been shown to decrease with increasing mode rotation, a
decrease of 35% in RWM amplitude as rotation frequency is increased from +6 → +24 kHz is
observed. This is in good agreement with theoretical expectations from the F-A equations.
• Biorthogonal Decomposition analysis of the multimode RWM spectrum shows that the (m,n)=(3,1)
RWM represents about 85% of the total mode energy, while the (m,n)=(6,2) RWM represents
about 8% of the total mode energy. While the 3/1 and 6/2 can grow and abate independently
of each other (fig 7.13), when time-averaged these percentages remain consistent as the bias
probe is used to accelerate the mode, from a rotation frequency of ≈ 4kHz to 15kHz for the
3/1 mode. (fig. 7.12)
• Plasmas are shown to have smaller response amplitudes to 3/1 RMP’s at higher values of
plasma rotation. Decreasing the plasma rotation from +25 kHz to ± 2kHz results in a respon-
sivity increase of about 2.7. (see fig 8.2)
• The externally driven plasma response is measured as a function of the RMP amplitude
for naturally rotating, slowed, positively accelerated, and floating (bias probe inserted into
the plasma, but electrically disconnected) modes. The slowed (±2kHz) plasmas show ≈2.7
times the amplitude response to the RMP compared to the rapidly rotating (+25kHz) plasmas,
and also disrupt at a lower RMP value. This effect occurs for situations where 2.85<q<3.0,
and also for 2.7<q<2.85. Natural and rapidly rotating plasma show approximately the same
response to the RMP.
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• The 6/2 amplitude and phase response of the plasma to a 3/1 RMP was measured for natu-
rally rotating, accelerated, and slowed plasmas. The 6/2 plasma response to the 3/1 RMP was
strongest when the plasma was slowly rotating, with the amplitude response approximately
equivalent for the naturally rotating and accelerated plasmas. Plasmas in all rotation regimes
demonstrate 6/2 amplification compared to the vacuum pickup. The ratio between the plasma
6/2 amplification and the 3/1 amplification to a 3/1 RMP is nearly constant, regardless of the
plasma rotation regime or the strength of the 3/1 RMP.
9.2 Future Studies
The bias probe allows external control of the plasma rotation rate in HBT-EP, permitting experiments
to be conducted in different rotation regimes. In this thesis, we have observed the effects of the
bias probe on the plasma ion & RWM rotation, in addition to structure and amplitude change in the
RWM, both with and without the presence of an external resonant magnetic perturbation (RMP).
In principle, the bias probe can be used to extend any HBT-EP experiment to include the effects of
plasma rotation. Possible future rotation experiments in HBT-EP include:
9.2.1 Active feedback on accelerated plasmas
Active, real-time magnetic feedback of plasma instabilities is a primary area of interest in HBT-EP
and a major issue for ITER. HBT-EP feedback experiments have included feedback suppression of
rotating external kink modes using Kalman filtering to discriminate the n=1 kink mode from Gaus-
sian background noise [36], and more recently integrating GPU controllers in the magnetic feedback
process due to the fast response rate and high parallability of the GPU. The bias probe opens the
capability to study feedback suppression of accelerated modes, and in particular the more unstable
slow rotating (Ω ≈ 0kHz) modes.
9.2.2 Momentum balance and plasma rotation
The new diagnostic system allows detailed poloidal and radial magnetic measurements near the
plasma surface. The simultaneous measurement of the radial and poloidal field over the surface of
the plasma allows, in principle, a measure of the torque exerted on the plasma and its MHD modes
by external sources such as the control coils and the bias probe. This should allow a quantitative
study of the momentum balance and plasma rotation.
9.2.3 Rotation in shaped HBT-EP plasmas with a ferritic boundary
HBT-EP plasmas have a circular cross section, and are surrounded by a conducting wall composed
primarily of a low magnetic permeability stainless steel alloy (316L, µ ∼1.003µ0). However, ITER
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plasmas will have an elongated poloidal cross section for better plasma performance, and will likely
be surrounded by a ferritic steel alloy to address the design requirement of having a plasma-facing
boundary with low activation and high resistance to neutron radiation damage [52]. Elongated
plasmas possess the disadvantage of being vertically unstable [71], while a ferritic boundary layer
is expected to introduce 3D magnetic field errors to the plasma equilibrium and provide ferritic
destabilization of the beta driven RWM [52]. A coil system to shape HBT-EP plasmas is currently in
the design and construction phase, and is predicted to have a significant impact on the multimode
spectrum of the plasma [50]. In addition, a ferritic wall is being designed for HBT-EP, and when
installed will be used to carry out the first quantitative measurements of ferritic destabilization of
MHD in conjunction with active MHD control. These machine upgrades will allow the rotation and
RMP experiments conducted in this thesis to be revisited for ITER-relevant shaped plasmas and
ferritic plasma-facing boundaries.
9.2.4 Heated Cathode for accelerated RWM / improved particle confinement
studies
Biased electrodes have been seen to improve particle confinement in general for both polarities,
with negative bias producing better confinement than positive bias [67]. The bias probe is however
limited in its ability to collect current at negative bias, due to the probe going into ion saturation
current. The ion saturation current could be made larger by making a probe with a larger surface
area, but it is desired to limit the intrusiveness of the probe on the plasma. In this thesis we had
initially used a larger bias probe than the current probe, but switched to the smaller probe after it
became evident that the larger probe was acting as a limiter on the plasma. The ion saturation
current limit is also manifested as a limitation of the bias probe to accelerate the RWM rotation in
the positive direction (the direction of natural RWM rotation), as the probe is negatively biased to
achieve positively-directed RWM acceleration. One way to combat the ion-saturation current limit
would be to have a heated electrode instead of a cold electrode, as the former emits electrons more
easily and would allow a greater probe current during negative bias. The heated electrode could be
made of Mo or W, and for even greater effect could be made of a strongly emissive material such
as lanthanum hexaboride as was done in the ISTTOK tokamak [67].
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Bedrosian’s Theorem for Complex Signals:
Let x(t) and y(t) denote generally complex finite energy signals of the real variable t. Their FT’s are
X(f) = F{x(t)} and Y(f) = F{y(t)}. If:
i) X(f) = 0 for |f | > a and
Y(f) = 0 for |f | < b, where b ≥ a ≥ 0
or
ii) X(f) = 0 for f < -a and
Y(f) = 0 for f < b, where b ≥ a ≥ 0
then
H{x(t)y(t)} = x(t)H{y(t)} (10.1.1)
Discussion:
a) Conditions i) and ii) are necessary and sufficient.
b) Condition i) has very important practical meaning because it is applied when x(t) and y(t) are real
functions. In this case, spectra X(f) and Y(f) must be disjoint.
c) Condition ii) is applied when x(t) and y(t) are complex. In this case spectra X(f) and Y(f) both
must be right-sided and need not be disjoint.
d) A special case of condition ii) is when a=b=0. Then, both x(t) and y(t) are analytic signals and:
H[x(t)y(t)] = x(t) ·H[y(t)] = y(t) ·H[x(t)] (10.1.2)
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10.2 Classic Magnetic Field-Free Langmuir Probe Analysis
10.2.1 Determining the Electron Temperature Te
For a swept Langmuir trace, the most important relation between the measurement and the plasma
parameters is given by
ln|Iprobe + |Isat|| =
e
kbTe
(Vbias − Vf ) + constant (10.2.1)
where Iprobe is the current collected by the bias probe, |Isat| is the absolute value of the ion
saturation current, e is the electron charge, kb is Boltzmann’s constant, Te is the electron tem-
perature in degrees Kelvin, Vbias is the Langmuir probe voltage, Vf is the floating voltage, and a
constant term that will not be important. Notice that this relationship is in the form of a line given
by a function f such that f(V) = mx+b, where m is the slope of the line and b is the y-intercept.
Our method is to plot the term ln|Iprobe − Isat| vs Vbias and then fit a line to it. The slope of the
line is then given by e/kbTe. Utilizing the relationship kbTe = eTe[eV ], where Te[eV ] is the electron
temperature expressed in electron-volts, we see that we can also express the slope of the line as
simply 1/Te[eV ].
y = 1.56741E-02x + 3.21824E+00 


















Finding edge Te from Bias Probe 
Te can be obtained from the slope of the linear fit
to Ln(I+Isat) vs. Vbias
SLOPE[ |Iprobe + |Isat| | / Vbias] = 1 / Te[eV]
 ! " # $% & ! '
Figure 10.1: Finding Te from bias probe data using classical Langmuir probe analysis in the region
Φprobe ≤ Φfloat
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10.2.2 Calculating the Electron Density ne
Knowing both the electron temperature and the ion saturation current allows us to calculate the














Where Isat is the ion saturation current, and is experimentally obtained. As represents the area
of the probe sheath, q the ion charge, kb is Boltzmann’s constant, Te the pre-calculated electron
temperature, and M is the ion mass. For cases in which the applied probe bias does not greatly
exceed the value needed to obtain one of the saturation currents we may approximate the sheath
area as the probe tip area. For significant overbiasing this is not a good approximation. In most
cases this criteria is met and the approximation is one of the smaller sources of error for probe
measurements [53]. Also note that our bias probe is actually hemispherical not planar, but for
simplicity we will treat the bias probe as a planar Langmuir probe with the same surface area.
The following values are used to obtain an ne of 4.3 ∗ 1018m−3.
Quantity Value
As 5.67 ∗ 10−4m2
q 1.602 ∗ 10−19 coulombs
Isat -13 Amperes
Te 63.8 eV = 7 kelvin
kb 1.38 ∗ 10−23 m2 kg s−2 K−1
M 2.016u = 3.347 kg
Table 10.1: Values used to compute ne. U is the atomic mass unit = 1.66 ∗ 10−27 kg
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10.3 Proving the interacting flux surfaces charge to the bp po-
tential
The extremely high mobility of electrons along ~B lines tends, for time intervals long compared with
the ion-acoustic and drift-wave periods, to make magnetic surfaces also equipotential surfaces. For
















Ω ∗m, which is approximately that
of stainless steel 7 ∗ 10−7 Ω ∗m. In the plasma edge where the magnetic surfaces intersecting the
bias probe are, Te ≈ 25eV, and ηparallel ≈ 8 ∗ ηstainlesssteel . Note the factor of 2 correction from
eqn 11.30 in ”Intro to plasma physics” by Rob Goldston.
The perpendicular resistivity is much higher than the parallel resistivity. The effective HBT-EP
plasma resistance is ≈ 3ohms, measured by the bias probe’s I-V characteristics. This is consistent
with the results seen in CCT, TEXTOR ect. The perpendicular resistance can be roughly approxi-
mated as follows




L = 3.2835cm ;distance Iprobe travels from outermost point of bias probe tip to limiter
A=4π2(a− L)c ;surface area of torus enclosed by ”charged” plasma surfaces
a = 15cm ;minor radius of tokamak
c ≈ 0.92m ;major radius of tokamak
ηperp ≈ 388.95Ωm
i.e., the perpendicular resistivity is approximately 5.5 ∗ 108 times that of the parallel resistivity.
The flux surfaces interacting with the probe are biased to the same potential due to the extremely
large parallel conductivity, and the radial current flows from the core through the LCFS to the limiter.
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